

Cyclophosphazenes as Transition Metal Carriers: Synthesis 
and Characterization of Cu(II), Ni(II) and Co(II) Complexes of 


Pyrazolylcyclotriphosphazenes 



Cyclophosphazenes as Transition Metal Carriers: Synthesis 
and Characterization of Cu(II), Ni(II) and Co(II) Complexes of 
Pyrazolylcyclotriphosphazenes 



K.R. Justin Thomas 



CYCLOPHOSPHAZENES AS TRANSITION METAL 
CARRIERS: SYNTHESIS AND CHARACTERIZATION OF 
Cu(II), Ni(II) AND Co(II) COMPLEXES OF 
PYRAZOLYLCYCLOTRIPHOSPHAZENES 


A Thesis Submitted 

In Partial Fulfilment olf the Requirements 
for the Degree of 

DOCTOR OF PHILOSOPHY 


by 

K,R. JUSTIN THOMAS 


to the 

DEPARTMENT OF CHEMISTRY 


INDIAN INSTITUTE OF TECHNOLOGY KANPUR 


DECEMBER, 1993 



All mankind are like grass, 

and all their glory is like wild flowers. 
The grass withers and the flowers fall. 

— 1 Peter 1:24 


Wavering between the profit and the loss 

In this brief transit where the dreams cross 

The dream crossed twilight between birth and dying 

—T.S. Eliot 


II 



ro AKR and SM 


my defenders 
my philosophers 
my tranquillizers 
my joy 
my parents 

with all my heart 
and love 


k.r.j.t. 


m 




STATEMENT 


I hereby declare that the matter embodied in this thesis, “Cyclophosphazenes as 
Transition Metal Carriers; Synthesis and Characterization of Cii(ll), Ni(ll) and Co(ll) 
Complexes of Pyrazolylcyclotriphosphazenes”, is the result of investigations carried out 
by me in the Department of Chemistry, Indian Institute of Technology, Kanpur, India 
under the supervision of Dr. V. Chandrasekhar. 

In keeping with the general practice of reporting scientific observations, due ac- 
knowledgement has been made wherever the work described is based on the findings 
of other investigators. 


Kanpur 

December, 1993 



(K.R. Justin Thomas) 


CERTIFICATE 


It is certified that the work contained in the thesis entitled, “Cyclophosphazenes 
as Transition Metal Carriers; Synthesis and Characterization of Cu(ll), Ni(ll) and Co(ll) 
Complexes of Pyrazolylcyclotriphosphazenes”, by K.R. JUSTIN THOMAS, has been car- 
ried out under my supervision and same has not been submitted elsewhere for a 


degree. 


Kanpur 
December 1993 




(V. Chandrasekhar) 
Thesis Supervisor 
Department of Chemistry 
Indian Institute of Technology 
Kanpur-208 016, India 




DEPARTMENT OF CHEMISTRY 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR, INDIA 

CERTIFICATE OF COURSE WORK 


This is to certify that K.R. JUSTIN THOMAS has satisfactorily completed 
all the courses required for the Ph.D degree. The courses include: 


CHM 605 
CHM 625 
CHM 645 
CHM 664 
CHM 641 
CHM 661 

CHM 800 
CHM 801 
CHM 900 


Principles of Organic Chemistry 
Principles of Physical Chemistry 
Principles of Inorganic Chemistry 
Modern Physical Methods in Chemistry 
Advanced Inorganic Chemistry I 

Application of Modern Instrumental Techniques for Structure 

Elucidation 

General Seminar 

Special Seminar 

Post-graduate Research 


K.R. Justin Thomas wa^ admitted to the candidacy of the Ph.D degree in 


September 1991 after he successfully completed the written and oral qualifying ex- 
aminations. 


fi/(P.K. Ghosh) 

Head 

Department of Chemistry 
I.I.T. Kanpur 


(’'v^(J. Iqbal) 
Convenor, DPGC 
Department of Chemistry 
I.I.T. Kanpur 


V 



Acknowledgements 


I would like to thank Jesus, my savior and god for giving me life and wisdom to 
carry out this research. [Jesus answered him, “I am the way, the truth, and the life 
...” - John 14:6] 

I wish to pay tribute to my parents who sacrificed their worldly interests to pro- 
mote the interests of me. Indeed they axe quite ignorant about the research I have 
been pursuing these days. However, I should admit that they have been instrumental, 
begining from my childhood, in enriching me with knowledges on subjects varying 
from mathematics to medical sciences. I have dedicated this thesis to them. 

Most of all, however, I sincerely express my indebtedness to Prof. V. Chan- 
drasekhar, I.I.T., Kanpur, for his inimitable style of guidance and inspiring help to 
carry out this research in a peaceful manner. I owe special gratitude to him for in- 
troducing me to phosphazene chemistry and encouraging me to do whatever studies 
I wished to conduct. 

I wish to express my gratitude to colloborators Profs. A.W. Cordes, Department 
of Chemistry, University of Arkansas, Fayetteville, USA and E.R.T. Tiekink, Depart- 
ment of Inorganic and Physical chemistry. University of Adelaide, Adelaide, South 
Australia 5005, Australia. Whose skilled and dedicated X-ray crystallographic work 
provided much needed structural evidence for the work described in this thesis. 

Enthusiastic interest and colloboration in the electrochemical studies of hetero- 
bimetallic compounds described in this thesis by Prof. P. Zanello, Italy had helped 
the author to understand the roots of the electrochemical processes of them. 

I am very much grateful to Prof. G. Balducci, Italy for providing me the cyclic 
voltammetric simulation program and literating me with computational techniques. I 
also like to record that he has patiently endured endless questioning on details of his 
own work and of that in the literature, to enable me to modify the programs suitable 


VI 



for the situations. Unfortunately results in this direction are yet in infancy and could 
not be included in this thesis at all. 

It is my pleasure to acknowledge Professors T.K. Chandrasekhar, S.K. Dogra, 
B.D. Gupta, S. Sarkar, N.S. Gajbhiye and Dr. P.K. Chaudhury for their kindness 
and very helpful suggestions. 

I am very much delighted by the love and affection of my brother (Jawahar) and 
sisters (Mary and Lizy). 

Acknowledgments are also due to Mr. N. Ahmed and Mr. D.K. Kannaujia for 
their assistance in recording IR and EPR spectra respectively. 

The support of my labmates (Dr. P. Tharmaraj, Mr. 1. 1. Selvaraj and Mr. K. 
Vivekanandan) and friends (Mr. E. Samuel and Mr. G. Venkatasubramaniyan) was 
very much viable in times of demand. I also thank Dr. D. Reddy, Dr. R.P. Pandian 
and Dr. M. Ravikanth for their help and association. 

Had I missed any one, he is also thanked. 

k.r.j.t. 


Vll 




SYNOPSIS 


The aim of the research described in this thesis is to explore the coordination 
chemistry of the pyrazolylcyclotriphosphaaene ligands (Chapter 1). These ligands 
have multiple donor sites and therefore can be utilized either to obtain complex ligands 
which possess vacant sites for the uptake of a second metal or to achieve directly 
polynuclear complexes of catalytic interest. 

The thesis is divided into seven chapters. The thesis starts with a brief description 
about the cyclophosphazene ligands and their interaction with the transition metals 
(Chapter 2). Three types of interaction have been realized: (a) where the skeletal 
ring nitrogen alone coordinates to the transition metal or the cyclophosphazene merely 
forms a counter cation to the transition metal anionic species (b) where the exocyclic 
donor atom participates in coordination to the metal exclusively or sometimes along 
with the ring nitrogen atom (c) where the skeletal phosphorus directly interacts with 
the metal. It has been observed that the ring nitrogen atoms engage in coordination 
only when the substituents on phosphorus are appreciably electron releasing thus 
increasing the basicity of the ring nitrogen. This fact has to be taken into account 
while designing a cyclophosphazene ligand. 

Of the three possible modes of interaction of cyclophosphazenes with transition 
metals method (b) is most versatile as it offers the opportunity of varying the number 
and nature of the exocyclic donor group. We have examined the coordination behav- 
ior of six pyrazolylcyclotriphosphazenes (Fig. 1) which contain pyrazolyl substituents 
in the phosphorus atoms of the cyclophosphazene. The ligands have been chosen in 
such a way, that the influence of small changes in either pyrazolyl substituent or cyclo- 
phosphazene ring could be studied. The ligand, hexakis(3,5-dimethylpyrazolyl)cyclo- 
triphosphazene (hdpctp) forms both mononuclear and dinucleax copper complexes. 
The mononuclear complexes are further converted into heterobimetallics by treating 
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Figure 1: Structures of the ligands 


them with platinum or palladium halides. However, with cobalt only a dinuclear 
complex has been isolated. The full experimental details are embodied in chapter 
3. The ligands, 2,2-diphenyl-4,4,6,6-tetrakis(3,5-dimethylpyrazolyl)cyclotriphospha- 
zene (tdpctp) and 2,2-spiro-(l,3-diaminopropane)-4,4,6,6-tetrakis(3,5-dimethylpyra- 
zolyl)cyclotriphosphazene (stdpctp) which contain two pyrazolyl groups less than 
that in hdpctp, lead to a selective assembly of mononuclear copper, cobalt and nickel 
complexes. In most of the hdpctp, tdpctp and stdpctp complexes investigated the 
metal exists in a distorted trigonal bipyramidal environment with an exception be- 
ing the copper perchlorate adducts. The copper in tdpctp-Cu(C104)2‘2H20 and 
tdpctp-Cu(C104)2-2Im assumes distorted octahedral and square pyramidal geometries 
respectively. The ligating properties of these three ligands derived from 3,5-dimethyl- 
pyrazole are described in the chapter 4. To study the influence of the bridge between 
the phosphorus and the pyrazolyl nitrogen a new ligand, hexakis(l-(2-oxidoethyl)- 
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3,5-dimethylpyrazolyl)cyclotriphosphazene (hoedpctp) has been prepared (Chapter 
6). This forms dinuclear copper, cobalt, platinum and zinc complexes thus indicating 
the flexibility of the ligand. 

The ligands discussed so far all contain two methyl groups at the pyrazole ring. 
To delineate the influence of the methyl group on the coordination behavior of the lig- 
ands, the ligands hexakis(l-pyrazolyl)cyclotriphosphazene (hpctp) and 2,2-diphenyl- 
4,4,6,6-tetrakis(l-pyrazolyl)cyclotriphosphazene (tpctp) have been subjected to co- 
ordination (Chapter 5). In contrast to hdpctp no mononuclear complexes could be 
obtained with hpctp. Mainly intermolecularly linked insoluble complexes are formed. 
However, tpctp forms mononuclear complexes analogous to that of tdpctp. The cobalt 
metal in tpctp-CoCl 2 is in a distorted trigonal bipyramidal geometry with the axial 



Figure 2: ORTEP diagrams of tpctp-CoCl 2 (a) and hdpctp-CuCl 2 (b) 
positions being occupied by the cyclophosphazene ring nitrogen and a chloride ion 
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(Fig. 2). This is in contrast to the general observation with the methylated ligands 
(viz., hdptcp, tdpctp.) where the axial positions are being always comprised of pyra- 
zolyl ring nitrogens. This difference may originate from the steric hindrance of the 
methyl groups in the pyrazolyl rings. 

In general, the five-coordinate complexes prepared from copper(ll) halides show 
EPR spectra suggestive of distorted trigonal bipyramidal geometry with ground 

state (axial, > g± >2.0). The six- or five-coordinate complexes obtained by the 
interaction of the ligands with copper(ll) perchlorate and additional nitrogenous bases 
exhibit EPR spectra which reveal a tetrahedrally distorted tetragonal geometry for 
them (axial, 5 f|| > gj_ >2.0, =110-200 G). The electronic spectra are supportive 

of this conclusions. The redox behavior of the copper complexes has been studied. 
The mononuclear complexes exhibit a quasi reversible or an irreversible Cu(ll)-Cu(l) 
redox change. In the dinuclear complexes the presence of second metal centre, further 
increases the stereochemical rigidity of the molecular backbone, hinders any redox 
flexibility. The chapter 7 summarizes the results of these investigations. A brief 
account on the comparison of x-ray structures of the complexes with the related N 3 
donor ligand complexes is given. 
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Chapter 1 


Coordination Chemistry of 
Pyrazolylcyclotriphosphazenes: Scope and Some 

Additional Information 


“I have yet to see any problem, however complicated, which, when you look 
at it in the right way, did not become still more complicated” 

-Paul Anderson 

The synthesis of chelating cyclophosphazene ligands and their coordination com- 
pounds provides an opportunity to transform this idea, latter to the linear phosphazene 
polymers, which may for instance lead to immobilized catalysts and to ion-exchange 
resins with improved selectivity. Pyrazolylcj'^clophosphazenes were introduced b}'’ 
Paddock and coworkers into coordination chemistry for the first time [1,2]. These 
contain exocyclic pyrazolyl substituents on the phosphorus atoms of the inorganic 
heterocyclic P-N ring (Figure 1). They provide two modes of coordination possibil- 
ities, i.e., exclusive coordination via pyrazolyl pyridinic nitrogen atoms or through 
both pyrazolyl and cyclotriphosphazene skeletal nitrogen atoms. While the former 
mode has been achieved by Paddock and coworkers [1, 2], results from our laboratory 
as well as from those of Krishnamurthy [-3, 4] has shown the possibility of latter mode 
of coordination (Figure 2). 

We have undertaken a detailed investigation on these ligands particularly with 
the paramagnetic metal copper. We have chosen copper as there is a. flurry of interest 
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in the coordination chemistry of copper with relevence to biology [5-7]. It is also 
important to investigate the ligating properties of the ligands in a wider sense, with 
respect to other ti’ansition metals like zinc, cobalt, nickel etc. For instance: some 
spectroscopic techniques offer more characterization possibilities with other metal ions 
than with Cu(II), like NMR (zinc), and electronic spectroscopy (nickel, cobalt). This 
so-called substitution technique has also been applied in metal-substituted proteins 
[8]. Furthermore, the coordination chemistry of the other transition metals (Ni, Co, 
etc.) with this special ligand system may also be of intei'est in itself because of the 
greater preference for a certain coordination geometry of especially Co(II) and Ni(II), 
whereas Cu(II) is flexible or shows plasticity often resulting in isomers or temperature 
dependent structures [9, 10]. 

This thesis describes the synthesis of pyrazolylcyclotriphosphazene ligands and the 
formation and characterization of coordination compounds with these ligands. Other 
cyclophosphazene ligands will also be described in chapter 2. The terms 'geminal 
coordination' and '‘nongeminal coordination' alternating with the analogous terms 
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six-memhered chelate ring' and ' five-membered chelate ring' will be used throughout 
this thesis. These terms are visualized in Figure 3. 

In chapter 2 a review on the coordination chemistry of cyclophosphazene based 
ligands is presented. The scope of this review is limited to the cyclophosphazene 
ligands which interact wdth the transition metals through the ring donor atom or the 
exocyclic donor group. Both the skeletal nitrogen and phosphorus atoms are found 
to interact with transition metals. The interaction of skeletal nitrogen atom is purely 
coordinate while with the phosphorus both covalent and coordinate interactions are 
envisaged [11]. In chapter 3 a summary of all experimental data is provided. In 
the other chapters no further experimental details are given, unless necessary for the 
discussion. 
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Chapters 4-6 give the detailed description on the crystal structures and the spec- 
troscopic aspects of the coordination compounds. Also the cyclic voltammetric be- 
havior of the coordination compounds is discussed at the end of each chapter in an 
appropriate length. In chapter 4 the methylated pyrazolylcyclotriphosphazene ligands 
are described. In chapter 5 the steric influence of the methyl group is highlighted by 
a discussion of the ligating behavior of the unsubstituted pyrazolylcyclotriphospha- 
zene ligands. In chapter 6 a more flexible ligand resulting in eight-membered chelate 
rings is discussed. The differences and similarities of the tridentate N3 ligands with 
different ligand bites are compared. 

Crystal structures of six copper complexes and one each in nickel and cobalt have 
been solved during this research. The full details of the work discussed in this thesis 
have already been published [12-15] or have recently been submitted for publication. 
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Cyclophosphazenes as Transition Metal 
Carriers: Synthetic Strategies 
and Structural Perspectives 


Chapter 2 


"Much of life can be understood in rational terms if expressed in the language 
of chemistry. It is an international language, a language for all time, and a 
language that explains where we came from, what we are, and where the 
physical world will allow us to go. Chemical language has great esthetic 
beauty” 


-Arthur Kornberg in Biochemistry, 1987, 26, 6888. 

2.1 Introduction 

Since the first isolation of inorganic heterocyclic compounds N3P3CI6 (1) and N4P4CI8 
(2), from the reaction of PCI5 with ammonia or ammonium chloride the study on these 
heterocyclic compounds has progressed for two main reasons: 

• Interesting and simple chemical properties 

• Capability to serve as carriers for active side groups which are extremely adapt- 
able for biomedical [1-3] and industrial applications [4]. 

So it is not a surprising fact, that cyclophosphazenes occupy a prominent place among 
the inorganic heterocyclic compounds [5, 6]. 
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In cyclophosphazenes the ring system is made up of alternating phosphorus and 
nitrogen atoms. Phosphorus is pentavalent and tetracoordinate while nitrogen is triva- 
lent and dicoordinate. Two exocyclic substituents are present on phosphorus while 
none are on nitrogen. Although the ring size can vary from four to a maximum iso- 
lated ring size of thirty four the most widely studied examples are the six-membered 
and eight-membered rings. An important facet of cyclophosphazene chemistry is its 
built in relationship to the high polymer chemistry [7]. The ring opening polymer- 
ization of 1 leads to a hydrolytically unstable linear polymer (3) of high molecular 
weight (Figure 1 ) [ 8 ], This reactive polymer (3) can be reacted with several nucle- 
ophiles, thereby affording a route to structurally diverse macromolecules. Small rings 
are excellent models for exploratory reactions that can be applied subsequently at the 
high polymer level. Conventional research on cyclophosphazenes has mainly centred 
on the following themes [9-13]: 

(a) Substitution reactions involving the P-Cl bond in N 3 P 3 CI 6 ( 1 ) and N 4 P 4 CI 8 
( 2 ) by various types of nucleophiles including amines, alcohols, phenols, thiols, 
main group and transition-metal organometallic reagents etc. (Figures 1 and 
2 ). 

(b) Interaction of transition metals with cyclophosphazene derivatives. This area 
of research has been receiving immense attention in recent years. 

The flexible reactivity of halogenocyclophosphazenes promises the possibility of 
incorporating several functional groups in cyclophosphazenes, thus giving rise to novel 
tailored ligands. The mode of interaction of transition-metals to cyclophosphazenes 
can be conveniently divided into three categories. (1) Attachment of skeletal atoms 
(nitrogen or phosphorus) of phosphazenes to transition-metals. (2) Coordination of 
the metal to an organic donor that is itself connected as a substituent to a skeletal 
phosphorus atom. (3) Ionic or salt-type linkages. 
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2.2 Skeletal Nitrogen Coordination 


Each skeletal nitrogen atom of a phosphazene bears a lone pair of electrons and 
therefore, phosphazenes can be used as classical ligands. However, the availability of 
lone pair of electrons for donation to metals depends on the substituents on phos- 
phorus. Electron-withdrawing side groups, such as fluorine or trifluoroethoxy, reduce 
the basicity of skeletal nitrogen but, at the same time, strengthen the skeletal bonds. 
Conversely, electron-releasing substituents such as alkylamino, alkyl etc., enhance the 
basicity of the skeletal nitrogen atoms. An additional feature that governs the ligat- 
ing behavior of cyclophosphazenes is the ring size. Thus, larger sized rings which are 
puckered can easily accomodate the metals in their preferential coordination geome- 
tries. 

Although cyclotriphosphcizenes possess three nitrogen donors, no case has been 
reported in which two or three nitrogens engage simultaneously in coordination. 
Thus, N3P3(CH3)6 interacts with titanium tetrachloride in an unidentate fashion 
[ 14 ]. Aminophosphaizenes such as N3P3(NHPr’‘)6 and N3P3(NHBu")6 were reported 
to form complexes with cobalt, copper and nickel halides [ 15 ]. However, the structures 
of these have not been established as no crystal structures are available. 

Cyclotetraphosphazenes behave both as monodentate and bidentate ligands in 
the favorable circumstances i.e., depending upon the nature of the metal. Thus, 
N4P4(CH3)8 reacts with anhydrous cupric chloride in methyl ethyl ketone, to result 
in a complex in which the copper is bonded to a ring nitrogen; in this complex 
cyclotetraphosphazene functions as an unidentate ligand [ 16 ] (Figure 3 ). An an- 
tipodal nitrogen is found protonated in this complex. But an analogous reaction of 
N4P4(CH3)8 with PtCl2 results in a square planar complex, with the two opposite ring 
nitrogen atoms coordinated to platinum in a cis-manner (Figure 3 ) [ 17 ]. A complex 
of similar structure has been isolated in the reaction of N4P4(NHMe)8 with K2PtCl4 
in the presence of 18 -Crown -6 [ 18 ]. In these complexes the cyclotetraphosphazenes 
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function in a bidentate manner. 

With higher membered ring systems such as N6P6(NMe2)i2, N6P6(CH3)i2 and 
N8P8(CH3 )i 6 coordination of two or four skeletal nitrogen atoms is observed [19-24]. 
The twelve-membered ring compound N6P6(CH3)i2 forms 1:1 complexes with PdCl2 
and PtCl2- Two ring nitrogen atoms coordinate to the metal and occupy cis positions 
in the square planar complex [23]. This type of complexation results in six- and ten- 
membered chelate rings (Figure 4). N6P6(NMe2)i2 forms 1:2 complexes of the general 
formula [N6P6(NMe2)i2]-2 MCI2 (M=Mn, Fe, Co, Cu, Zn) [19]. The crystal structures 
of cobalt and copper complexes show that the basal site of a distorted square pyramid 
is occupied by four skeletal nitrogen atoms and a chlorine atom at the apical position 
[20-22]. The structure is unique in that it contains two six-membered and two four- 
membered chelate rings (Figure 4). The nitrate analogs [N6P6(NMe2)i2-M(N03)2] 
(M=Co, Ni, Cu, Mn) are also believed to have similar structures [25]. N8P8(CH3)i6 
forms a complex with cobalt nitrate, [N8P8(CH3)i6-Co(N03)](N03) in which the 
cobalt exists in a trigonal prismatic geometry [24]. The metal environment con- 
sists of two oxygens from a nitrato group and four skeletal nitrogen atoms of the 
cyclophosphazene ring. 
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2.3 Ionic, Salt-type Species 


In the aminophosphazenes the amino substituents being electron- donating groups, 
increase the basicity of the skeletal nitrogen atom. This basic nitrogen can acquire a 
proton or alkyl cation to generate onium-type sites that function as counterions for 
metallo anionic units. Thus, N3P3(NMe2)6 and N4P4(CH3)8 react with C0CI2 to give 
ring protonated species [N3P3(NMe2)6H‘^]2[CoCl4“] and [N4P4(CH3)8H''']2 [CoCl4~] 
respectively [ 26 - 28 ]. Similarly N4P4(NHMe)8 reacts with K2PtCl4 in the presence of 
HCl to afford [N4P4(NHMe)8Hi+] [PtClM [ 17 ]. A hexamolybdate salt of formula 
[N3P3(NMe2)6H‘'']2 [MoeOig] was formed when N3P3(NMe2)6 reacted with M0O3 in 
water [ 29 ]. The methyl iodide quarternary salt of N4P4(CH3)8, [N4P4(CH3)9 ]I~ reacts 
with chromium or molybdenum hexacarbonyl to generate the species [N4P4(CH3)9] 
[M(C 0 ) 5 l-] (M=Cr or Mo) [ 30 , 31 ]. N5P5(CH3)io on interaction with CuCl2 forms a 
diprotonated salt [N5P5(CH3)ioH^+] [CuCir] [ 32 ]. 
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2.4 Effect of Metal Coordination or Protonation to 
Ring Nitrogen on the Structure of Cyclophospha- 
zenes 

The basic cr-frame work of the cyclophosphazene is constituted from the sp^ hybrid 
orbitals of phosphorus and approximately sp^ hybrid orbitals of nitrogen. Two sp* 
orbitals of nitrogen are involved in bonding to phosphorus while the third which is 
in-plane with the P-N-P segment is occupied by a lone pair. The remaining non- 
sigma bonding electrons, one from phosphorus and one from nitrogen are believed 
to participate in a d,r-P 5 r bond that makes use of a nitrogen 2^^ orbital and one of 
several phosphorus 3d orbitals [33]. The delocalization of these jr-electrons occurs 
over three skeletal atoms only in a way that permits an equalization of bond lengths 
around a ring [34]. This 7r-bonding can be supplemented by an in-plane dative tt- 
bonding between the nitrogen lone pair electrons and a suitable phosphorus 3d-orbital. 
Thus, in homogenously persubstituted cyclophosphazenes N 3 P 3 (R) 6 , N 4 P 4 (R )8 etc., 
the P-N bond lengths are virtually equal within a molecule and axe shorter (1.51- 
1.60A) than ‘‘normaV P-N single bonds (1.77A). Also, the ring P-N bond distances 
decrease with increasing electronegativity of the exocyclic substituents on phosphorus 
[9]. Such electron- withdrawing groups on phosphorus strengthen the skeletal bonds 
probably by causing a contraction of the phosphorus d-orbitals and improving their 
overlap efficiency or accentuating the tt, bonding. The electron donating substituents 
weaken the skeletal bonds, but would enhance x-bonding between phosphorus and 
the exocyclic substituent and localize the lone pair of electrons on skeletal nitrogen 
atoms. The effects of metal coordination or protonation to ring nitrogen are easily 
understood in the background of the above theories. 

The principal effect of protonation or coordination is the variations in the P-N 
bond lengths within a molecule. The P-N bond lengths involving the coordinated or 
protonated nitrogen atom (in P-NM-P segment, M=metal or proton) are longer than 
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in the free ligand. Protonation is more effective; thus in [N 3 P 3 (NMe 2 ) 6 H '^]2 [MoeOjg ] 
the P-N bond lengths adjacent to the protonated nitrogen atom increase to 1.67 A 
[29] while in the free ligand N 3 P 3 (NMe 2)6 it is only 1.59A [35]. This lengthening 
is understood by considering that the lone pair of electrons on skeletal nitrogen is 
now not available for in-plane 7r,-bonding. The ring bond angles and conformation 
are not affected to the same extent. However, in some cases deviations in bond 
angles and nonplanar conformations of the cyclophosphazene rings axe observed which 
originate from the geometrical requirements of the metal environment. This aspect 
is substantiated in the latter part of this thesis. 

2.5 Ring Phosphorus Interactions with Metals 

Two types of phosphorus interactions with transition metals are observed: (1) covalent 
(2) coordinate. Cyclophosphazene derivatives which contain direct metal-phosphorus 
covalent bond are obtained by employing either of the methods enumerated below 
136]: 

(1) Nucleophilic substitution reactions of transition metal carbonyl anions with 
halogenocyclophospha^enes . 

(2) Reactions of phosphazene anions with metal carbonyl halides. 

The first technique is complex and halogen abstraction and skeletal cleavage side 
reactions occur concurrently. 

Allcock and co-workers have found that the reaction of N 3 P 3 F 6 with NaFeCp(C 0)2 
affords the geminally substituted derivative, N 3 P 3 F 4 [FeCp(CO) 2]2 [37-39]. This on 
photolysis gives a three membered spirocyclic product containing a Fe-Fe bond and 
a bridging carbonyl group (Figure 5) [37]. The reaction of N 3 P 3 CI 6 with disodium 
octacarbonyldiferrate yields a spiro diiron octacarbonyl bonded phosphazene, 2,2- 
N 3 P 3 Cl 4 Fe 2 (C 0)8 and a triiron decacarbonyl bonded phosphazene N 3 P 3 Cl 4 Fe 3 (CO)io 
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Figure 5: Reaction of N3P3F6 with NaFeCp(C0)2 

(Figure 6) [40,41]. The latter metallocluster contains both covalent phosphorus-metal 
and nitrogen-metal coordination bonds, demonstrating both the covalent and coor- 
dinative capacities of the cyclophosphazene ring. The diiron derivative acts as a 
template for the construction of similar dimetal derivatives and clusters with other 
metals (Figure 6) [41, 42]. 

In an another reaction, chloride substitution of N3P3CI6 with [M(CO)3Cp~] [n- 
Bu 4N'^] (M = Cr, Mo, W) gives rise to a series of phosphorus-metal covalently linked 
derivatives (Equation 1) [43]. With molybdenum and tungsten carbonyl anions an 
additional chloride displacement also occurs; in the resulting derivative, phosphorus 
is also linked to a cyclopentadienyl group (Equation 1). 
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Atleast three procedures are used to synthesize the phosphazene anions, (a) Hy- 
drido phosphazenes on treatment with alkyl lithium reagents generate the phospha- 
zene anion intermediates [44,45]. (b) LiBEt 3 H reacts with halogenocyclophosphazenes 
to produce the same [46]. (c) Phosphorus- phosphorus bridged bi cyclic phosphazenes 
are cleaved by LiBEtsH to result in phosphazene anions [44]. These phosphazene 
anions on treatment with a metal carbonyl halide, FeCp(C 0 ) 2 l gives the desired 
phosphorus-metal covalently linked derivative (Figure 7) [44-46]. 

Coordination to metal via cyclophosphazene phosphorus is not possible as it is 
pentavalent and has no lone pair of electrons for donation. However, hydridophos- 
phazenes containing a P-H bond exist in two resonance forms (Figure 8). One of these 
structures (II) contains a trivalent phosphine-like phosphorus which can interact with 
transition metals. This possibility has been utilized to link the phosphorus atom 
of the cyclophosphazene ring directly to a metal [47,48]. Thus, N 3 P 3 Ph 4 (CH 3 )H 
forms complexes of the type L-M with Au(CO)Cl and [(CH 3 ) 2 AuCl ]2 [47]. But with 
palladium and platinum halides L 2 -M type complexes are obtained (Figure 9) [48]. 
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Figure 8: Tautomers of hydridophosphzizenes 
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Figure 9: Interactions of hydridophospha^iene with metaJ halides 

2.6 Effect of Skeletal Phosphorus Interaction with 
Metals on the Structure of Cyclophosphazenes 


Crystal Structures of as many as fifteen compounds having direct metal-phosphorus 
bond have been solved so far, allowing a good rationalization on the structural effects 
prevalent on the cyclophosphazene unit because of the presence of the new exocyclic 
phosphorus-metal bond. As earlier noted the ring nitrogen coordination to the metal 
mainly hampers the skeletal tt, bonding, which really gives a superficial appearance 
of aromaticity to the free base cyclophosphazenes, and affects the uniformity of the 
skeletal bond distances. Such an effect is more severe with the phosphorus-metal 
interactions. The general trends observable are illustrated in Figure 10. The following 
features are noteworthy: 

(i) The two P-N bonds (denoted as ‘a’ in Figure 10(a)) proximal to the metal 
atoms are the longest, the adjacent pair of P-N bonds (‘b’ in Figure 10(a)) are 
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Figure 10: Trends in the bonding parameters of cyclotriphosphazenes with direct 
P-Metal covalent bond 

the shortest and those farthest from the metal fragment of intermediate length 
(close to the normal cyclophosphazene P-N bond length (‘c’ in Figure 10(a)). 

(ii) The skeletal phosphorus atoms in cyclophosphazenes usually adopt a distorted 
tetrahedral geometry with an endocyclic ring angle near 120° and an exocyclic 
substituents angle around 100°. In contrast, in these compounds the exocyclic 
angle at the metallated phosphorus is constricted, while the exocyclic angle at 
phosphorus is either narrowed (M-M bonded spiro derivatives) or widened (see 
for examples Figure 10). 

(iii) The bond angles at the nitrogen adjacent to the phosphorus bearing metal are 
normal while, that at the distal nitrogen are contracted. 


22 





Electron releasing or less electronegative organic substituents do exert similar 
bond length and bond angle variations by filling the d-orbitals at the phosphorus 
and making them less available for ;r-bonding with ring nitrogens [9]. For the skeletal 
nitrogen coordination the structural effects are mainly in the vicinity of that nitrogen. 
But it is spread over the cyclophosphazene ring in the case of phosphorus-metal 
linkage. 

2.7 Exocyclic Group Participation in Coordination 

Several complexes have been reported in which the substituents on phosphorus of 
cyclophosphazene involve in coordination to the metal. In general, two synthetic 
methodologies are practiced (Figure 11). (a) A suitable donor group such as alkynes, 
arenes, schiff bases etc. is incorporated in cyclophosphazene by the usual substitu- 
tion technique and then treated with metal precursors, (b) In the second synthetic 
approach, a complex containing a reactive functional group on the ligand is subjected 
to halide displacement reaction with halogenocyclophosphazenes. 

For convenience these cyclophosphazene ligands axe divided into two categories in 
keeping with the general practice. 

(1) TT-acid ligands and 7r-complexes 

(2) classical ligands 

2.7.1 n-acid ligands and Il-complexes 

Cyclophosphazene ligands containing exocyclic substituents such as, phosphines, alky- 
nes, arenes, cyclopentadienyl group etc. are considered for discussion in this section. 
Two types of phosphine ligands have been prepared and these are given in Figure 
12 [49, 50]. L6 in which a phosphino group is directly bound to the cyclophospha- 
zene skeleton by a P-P bond reacts with Cr(CO) 5 (THF) or Fe 2 (CO )9 to afford the 
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N=NucleophiIe D=Donor site M=Metal Fragment 

Figure 11: Synthetic strategies of exocyclic group coordinated cyclophosphazenes 

mononuclear complexes L6-Cr(CO)s or L6*Fe(CO)4 [50]. L6 behaves as a monoden- 
tate ligand via the phosphino group. A triruthenium cluster L6'Ru3(CO)ii in which 
the phosphino group is bonded to a ruthenium atom is also obtained from the reac- 
tion of L6 with Ru3(CO)i 2. The ligating behavior of L4 and L5 is complex in which 
the phosphino group is tied with the cyclophosphazene through a spacer unit [49]. 
Thus, with [RhCl(CO)2]2 and Fe(CO)3BZA, L4 forms complexes of ligand-metal ra- 
tio 2:1, (L4)2-M (M=RhCl(CO) and Fe(CO)3) while with AuCl, H30s3(CO)io and 
Mn(CO)2Cp(THF) it forms complexes of the type L4-M (M=AuCl, H20s3(CO)io 
and Mn(CO)2Cp). L5, a potential hexadentate ligand, coordinates in a monodentate 
or bi dentate fashion towards a metal, leading to a series of polynuclear coordination 

m 

compounds [49]. The osmium derivatives of L4 and L5 function as catalysts for the 
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isomerization of 1-hexene to 2-hexene [49]. 

A large number of alkynyl phosphazene bridging dicobalt complexes of the general 
formula N3P3XsC=CR-Co2(CO)6 have been synthesized starting from alkynyl phos- 
phazenes, N3P3X5CSCR (R=SiMe3, n-C4H9, Ph and X=F) and Co2(CO)8 [51, 52]. A 
novel tetracobalt cluster, 2,2-N3P3F4(C=CPh-Co2(CO)6)2 has been obtained from the 
reaction of the alkynyl phosphazene, 2,2-N3P3F4(C=CPh)2 with Co2(CO)8 [51]. All- 
cock and coworkers have reported the formation of two series of ;r-complexes from the 
alkynyl phosphazenes, with the general formula gem-N3P3Cl4(R)(CH2C=CH)'Co2 
(C0)6 and N3P3Cl4(R)(C=C-CH3)-Co2(CO)6 where R = methyl, ethyl, n-propyl, 
i-propyl, n-butyl, t-butyl and allyl groups (Figure 13) [53]. In all these complexes 
only the alkynyl unit interacts with the cobalt carbonyl fragment and no interference 
is noticed from the skeletal nitrogen atoms (Figure 13). Interestingly some of these 
complexes are identified as promising catalysts for the cyclotrimerization of alkynes 
[53]. 

Aryl phosphazenes form phosphazene-(j/®-arene)Cr(C0)3 complexes on treatment 
with Cr(CO)6 [54]. Alternatively they are obtained by reacting the sodium salt of 
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an alcoholic or phenolic chromium tricarbonyl complex with NsPaCle- Figure 14 
summarizes these reactions [54]. 

Allcock and cPworkers have prepared ferrocenyl or ruthenocenyl linked cyclophos- 
phazenes by treating a lithioferrocene or ruthenocene with the halogenocyclophos- 
phazenes [55-60]. Both the trimeric and tetrameric derivatives have been obtained. 
Depending on the mode of attachment of the metallocene to the cyclophosphazene 
ring they fall into two groups i.e., pendant (I) and transannular (II) linked derivatives 
(c/. Figure 15). Apart from this, with cyclotetraphosphazenes an antipodally linked 
metallocene derivative is also isolated [60]. Crystal structure of one such compound, 
N 4 P 4 F 4 [(j;-C 5 H 4 ) 2 Ru ]2 is presented in Figure 16. Cyclic voltammetric studies of these 
compounds indicate that phosphcizenes are highly electron withdrawing units, and 
give rise to marked positive shift in the oxidation potentials compared to ferrocene 
[61]. Type II (see Figure 15) derivatives show shifts twice those of pendant analogs 
(Type I) suggesting the cummulative electron withdrawing effect of the phosphazene 
operating via each cyclopentadienyl ring. Also the crystal structure determinations 
reveal that in the transannular linked complexes (Type II) the planarity of the cyclo- 
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phosphazene ring is severely affected than that of type I compounds [58, 60]. 

2.7.2 Classical donors 

Cyclophosphazenes containing exocyclic substituents with classical donor sites such as 
nitrogen, sulfur etc. are very limited. In complex, {N 3 P 3 (NMe 2 ) 4 [NHCH 2 CH 2 NH]} 2 - 
NiCl 2 an exocyclic nitrogen participation in coordination is predicted from the spec- 
troscopic evidence [62]. However, in the complex N 4 P 4 (NMe 2 ) 8 -W(CO )4 (Figure 17) 
an endocyclic nitrogen also coodinated to the metal as confirmed by crystal structure 
determination [63]. Cyclophosphazenes which bear six schiff base units as substituents 
form hexanuclear complexes with zinc, palladium and platinum halides [64]. Macro- 
cycles such as porphyrin [65, 66] and phthalocycnin [67] linked cyclophosphazenes 
have been synthesized and their metallation behavior is found to be parallel to that 
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of unsubstituted macrocyles. A pendant carboranyl group of a cyclophosphcizene has 
been found to interact with metal carbonyls [68]. Thiol functionalised cyclotriphos- 
phazene, N 3 P 3 Ph 4 (CH 3 )(SH) (HL7) reacts with Ni, Pd and Pt chlorides to result in 
complexes M-(L7)2 in which an exocyclic sulfur and an endocyclic nitrogen partici- 
pate in coordination (Figure 17) [69]. The subject of this thesis is the coordination 
aspects of the pyrazolylphosphazenes which obviously falls in this category. 

2.8 Goncluding Remarks 

It is abundantly evident from the above discussion, that cyclophosphazene based 
ligands are versatile in their coordination performance and lead to new variety of 
complexes and organometallics. Since they serve as model systems for the high poly- 
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Figure 16: Crystal structure of N4P4F4 [(j/-C5H4)2Ru]2 


meric metal carriers the study on them hold promise for future industrial, catalytic 
and biomedical applications. 

Although the facile nucleophilic substitution chemistry of cyclophosphazenes al- 
lows flexible freedom for the design of a ligand with desired donor site and geo- 
metrical constraints, large number of cyclophosphazene-transition metal derivatives 
were obtained mainly by using the complex- or organometallic-nucleophiles rather 
than starting with a genuine cyclophosphazene ligand. The reactions of complex or 
organometallic anions with halogenocyclophosphazenes result in a rich fare of tran- 
sition metal derivatives. However, extension of these reactions to high polymers is 
hampered due to experimental difficulties and side reactions experienced with the 
small molecules. Thus, the metal loading both in model compounds and polymers 
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could be successfully done by the former strategy, ie., linking a potential donor as 
side group in cyclophosphazene or polymer. 

The electron-releasing tendency of the donor group or other substituents in phos- 
phaaene skeleton governs the coordination ability of skeletal nitrogen atoms. So a 
ligand with desired characteristics is easily accessible by controlling the nature of the 
substituents. 

In conclusion: 

(i) High metal loading in phosphaaene polymers could be easily achieved using 
exocyclic donor groups rather than using a mere organometallic nucleophile. 

(ii) Cyclophosphazene derived ligands containing exocyclic donor groups may ex- 
hibit interesting characteristics as that of the other known ligands such as 1,3- 
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diketones, polypyraizolyl borates (scorpionates), cyclopentadienes etc. 

(iii) Competition between skeletal nitrogen and exocyclic donor for metal coordi- 
nation may lead to stable chelates or isomeric structures. Stereoelectronic and 
steric effects are likely to determine the mode of coordination to a large ex- 
tent. A precise understanding of these effects can lead to the design of specific 
cyclophosphazene ligand systems and therefore, may aid in several applications 
such as synthesis of new catalysts for organic conversions or models for biolog- 
ical systems, besides contributing new knowledge in the area of coordination 
chemistry. 

(iv) The further investigation of the coordination response of cyclophosphazenes 
containing exocyclic donor groups remains an important and fascinating field 
of research deserving attention of synthetic inorganic chemists, spectroscopists 
and kineticists. 
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Chapter 3 


Synthesis of the Ligands and of the 
Coordination Compounds; Physical Methods 


"The most fundamental and lasting objective of synthesis is not production 
of new compounds but production of properties." 

-George S. Hammond in Norris Award Lecture, 1968. 

3.1 Introduction 

The design and synthesis of ligands for coordination compounds strongly depends on 
the accessibility^ of the desired functional groups. In this context recently, there is 
a growing interest in the synthesis of ligands containing distinct donor sites. It is 
believed that the coordination compounds resulting out of this multi- variant donor 
ligands may possess novel physical and chemical properties. We have chosen to syn- 
thesize and study the ligating properties of the pyrazolylcyclotriphosphazene ligands. 
They consist of both organic pyrazolyl and inorganic cyclophosphazene nitrogen donor 
atoms. 

The pyrcLZolylcyclotriphosphazenes are readily synthesized by the nucleophilic sub- 
stitution reaction on the halogenocyclotriphosphazene precursors with the pyrazole in 
the presence of a hydrogen chloride scavenger such as triethylamine [l]. The pyrazoles 
are readily formed through the condensation of hydrazine with either acetylacetone 
or 1,1,3,3-tetraethoxy propane [2]. In an attempt to introduce a spacer group be- 
tween the phosphorus and pyrazolyl nitrogen (P-N), and thus increase the flexibility 
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of the ligand we have tried to condense N-hydroxymethyl-3,5-dimethylpyrazole with 
NaPaCle- No products other than the hexa.kis(3,5-dimethyl-l-pyrazolyl)cyclotriphos- 
phazene could be identified from the reaction mixtures. This failure is attributed 
to the decomposition of hydroxymethylpyrazole itself under the reaction conditions. 
This type of decomposition is reported earlier for N-hydroxymethylisooxazoles [3]. 
So we have then selected N-hydroxyethyl-3,5-dimethylpyrazole as suitable side group 
to study the variation in the chain length. N-hydroxyethylpyrazoles are prepared in 
a one step synthesis through the condensation of hydroxyethylhydrazine with 1,3- 
dicarbonyl derivatives [4]. The sodium salt of the hydroxyethyl-3,5-dimethylpyrazole 
obtained by treating sodium metal with the free alcohol reacts in a facile manner with 
N3P3CI6 to give the required ligand. The importance of these reactions will be dealt 
in more detail in the following chapters where the ligand complexes are discussed. In 
this chapter only the synthetic procedures and physical characterization techniques 
will be presented along with the routine data such as yield, melting point, elemental 
analyses, infra-red spectral frequencies, etc. 

3.2 Starting Materials 

Solvents were purified and dried according to standard literature procedures [5]. Most 
organic and inorganic materials were commercially available, -of reagent quality, and 
used eis received: Pyrazole (Aldrich), 2,2'-bipyridine (Aldrich), 1,10-phenanthroline 
(Aldrich), N3P3CI6 (Aldrich), Imidazole (Fluka), Pyridine (SDS). 

3,5-Dimethylpyrazole [5], l-(2-hydroxyethyl)-3,5-dimethylpyrazole [6], gem-N3P3- 
Ph2Cl4 [7], spiro-N3P3[NH(CH2)3NH]Cl4 [8] were prepared by adopting the published 
methods. Commercially procured hydrated copper halides were dried by heating at 
their dehydration temperatures on a oven for atleast 10 h and stored in a desiccator 
over dry CaCl2. 

Caution; Some compounds reported in this thesis contain perchlorate anions. Al- 


37 



though they seem to be reasonably stable to shock and heat, it should be pointed 
out that the use of perchlorates is hazardous because of their unpredictable explosive 
behavior [9] and necessitates extreme caution in their handling. 

3.3 Physical and Chemical Measurements 

3.3.1 Analyses and Spectroscopic measurements 

Metal contents were determined complexometrically by indirect titration with Na2H2- 
edta and Zinc acetate after destruction of the sample with cone. HNO3 acid [10]. 
C, H and N analyses were performed by the staff at microanalytical service centre, 
RSIC, CDRI, Lucknow or the microanalytical laboratory of the Indian Institute of 
Technology, Kanpur. 

Infrared spectra were recorded on a Perkin Elmer 1320 spectrophotometer. Sam- 
ples were prepared as potassium bromide pellets or as nujol mulls and the frequency 
was calibrated using polystyrene as the calibrant. Electronic spectra were obtained 
with a Shimadzu UV-160 spectrophotometer. Solid state electronic spectra were 
recorded on nujol mulls adhered to Whatman filter paper strips. The EPR spectra 
were obtained on a varian spectrometer at x-band frequency, and the magnetic field 
strength was calibrated with dpph (g=2.0036). The spin hamiltonian parameters 
were deduced from the theoretical simulation of them. For the EPR simulation a. 
reported program was used [11]. The NMR (proton and carbon-13) spectra were ob- 
tained on a Bruker spectrometer operating at 80 or 400 MHz, and chemical shifts are 
reported with reference to internal tetramethyl silane. Phosphorus- 31 NMR spectra, 
were recorded on a Jeol FX 90Q spectrometer or on a Bruker spectrometer operating 
at 36.43 MHz and 164.5 MHz respectively. Phosphorus Chemical shifts are reported 
with reference to external 85% H3PO4; upheld shifts are negative. The FAB mass 
spectra were recorded on a JEOL SX 102/DA-6000 mass spectrometer/Data system 
using argon (6 kV, 10 mA) as the FAB gas. The accelerating voltage was 10 kV and 
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the spectra were recorded at room temperature. m-Nitrobenzyl alcohol was used as 
the matrix. 

Solution magnetic susceptibilites of the complexes were measured at 27°C by the 
Evans [12] NMR method which correlates the paramagnetic shift Af to the volume 
magnetic susceptibility Xv by: 


- 3A/ ^ y. (do-d,) 

2t fm 


Xv Volume magnetic susceptibility of paramagnetic material 
Xo Volume magnetic susceptibility of solvent 
/ Frequency of absorption 

m Mass of the paramagnetic material per ml of solvent 
do Density of the solvent 
do Density of the solution 


( 1 ) 


The last term is generally neglected as it is very small [13]. The molar magnetic sus- 
ceptibility (xm) is related to the experiment temperature (T) and effective magentic 
moment (fieff) as below: 

Xm = Xv X M.wt (2) 

He}f = 2.84 T (3) 

3.3.2 Electrochemical Measurements 

Cyclic voltammograms were obtained with a BAS 100 A Electrochemical Analyser 
or with a PAR model 273 Potentiostat Galvanostat and Houston 2000 X-Y recorder. 
Controlled-potential coulometric tests and polarographic measurements for the heter- 
obimetallic compounds were performed with an Amel model 551 Potentiostat with an 
associated coulometer (Amel model 558 integrator) in Siena, Italy. For dichlorometh- 
ane solutions tetrabutylammonium perchlorate was used as a supporting electrolyte 
and for dimethyl formamide (DMF) and acetonitrile solutions tetraethylammonium 
perchlorate was used as the supporting electrolyte. The three electrode cell consisted 
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of a glassy-carbon working electrode, a platinum wire as a. counter electrode and a 
reference electrode viz. saturated calomel electrode or Ag/AgCl (aq.) electrode. Tlie 
solutions were thoroughly purged with dry N 2 or Ar before each experiment. To- 
wards the end of each experiment ferrocene was added as an internal reference and 
the experiment repeated. 

3.3.3 X-ray diffraction and Structure determinations 

The data collection for the crystals were carried out on a Enraf-Nonius CAD-4 diffrac- 
tometer with a monochromatic MoKa radiation (A=0.7093A) in Arkansas, USA or 
on a Rigaku AFC6R diffractometer with MoKa radiation (graphite monochroma- 
tor, A=0.71073A) in Adelaide, Australia. Crystals were glued on glass fibers and 
transformed to a diffractometer. The programs used in the structure determinations 
were SHELX76 [14], SHELXS86 [15], ORTEP [16], NRC386 (PC version of NRC- 
YAX) [17], teXsan [18]. The data were collected at 25°C using the 0-20 or u;:20 scan 
technique. Three reflections were monitored every 2 h of exposure time and showed 
insignificant variations. The total exposure time varied from 72-96 h. Data sets were 
corrected for lorentz and polarization efifects and an analytical absorption correction 
was applied [14]. 

Refinement of the structures were by the full-matrix least-squares procedures [14]. 
Non-hydrogen atoms were refined with anisotropic thermal parameters and hydrogen 
atoms were included in the model at their calculated positions (C-H, 0.95 j 4 and N-H, 
0.90A). a weighting scheme of the form W“^=[cr^(I)+PP]/4P was introduced and 
the refinement continued until convergence, final refinement details are presented in 
the following chapters where the complex structures are dealt. Analysis of variance 
showed no special features indicating that an appropriate weighting scheme had been 
employed. Scattering factors for copper, cobalt and nickel were from ref. 19, while 
those for the remaining atoms were those incorporated in SHELX76 [14]. The final 
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difference maps calculated at the conclusion of the refinements had no chemically 
significant features. Fractional atomic coordinates of the complexes for which struc- 
tures have been solved are not given in this thesis, however, they are reported in the 
original papers (see Chapter 1 for references). 


3.4 Synthesis of pyrazolylcyclotriphosphazenes 

3.4.1 Hexakis(3,5-dimethyl-l-pyrazolyl)cyclotriphosphazene, 
N3P3 (Pz) 6 (hdpctp) 

A solution of N 3 P 3 CI 6 (3.48 g, 10 mmol) in benzene (25 ml) was added dropwise to a 
solution of 3,5-dimethylpyrazole (5.8 g, 60 mmol) and triethylamine (6.4 g, 63 mmol) 
in benzene (50 ml) at 20°C with constant stirring. The reaction flask was equipped 
with a calcium chloride gaurd tube to prevent ingress of moisture. After the addition 
was completed (30 min) the reaction temperature was slowly raised to 80°C in an 
hour’s time, and the reaction was allowed to proceed at this temperature for 5 h. It 
was cooled and filtered. The precipitate was rapidly washed with water (3x30 ml), 
benzene (2x10 ml) and ether (2x20 ml) and dried under vacuum. A white solid was 
obtained which was recrystallized from dichloromethane/hexane (1:1). Yield: 6.76 g, 
96%. 


Melting Point 

: 255-256°C(Lit.[l] m.p. 253.5-254.5°C) 

IR(KBr, cm“^) 

: 3142m, 2950s, 1574vs, 1450s, 1410s, 1371vs, 1296vs, 
1220vs,br 1170vs, 1084vs, 1030m, 966vs, 902m, 
828m, 802s, 756s, 636m, 611s, 510vs, 475s. 

NMR(CDCl3, S) 

: 2.20 (s, 18H, 3 -CH 3 ), 2.30 (s, 18H, 5 -CH 3 ), 5.50 (s, 
6H, 4-CH). 

NMR(CDCl3, S) 

: 12.6 ( 3 -CH 3 ), 13.6 ( 5 -CH 3 ), 109.7 (4-CH), 147.4 (3- 
C), 152.9 (5-C). 

NMR(CDCl3, S) 

: -3.37 (s, 3P). 
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3.4.2 Hexakis(l-pyrazolyl)cyclotriphosphazene, N 3 P 3 (pz )6 
(hpctp) 

This ligand was prepared as above, except more reaction time was required for the 
completion of the reaction. Yield; 80-90%. 

Melting Point : 279°C(Lit.[l] m.p. 26S°C (dec)) 

IR(KBr, cm“^) : 3070m, 1521s, 1401vs, 1370vs, 1288vs, 1235vs,br, 

1170vs,br, 1065vs, 1030vs, 935vs, 912m, 900m, 772s, 
758vs, 628m, 615vs. 

NMR(CDCl3, 6) : 6.44 (t, 6H, 4-CH), 7.91 (d, 6H, 3-CH), 8.13 (d, 6H, 

5-CH). 

13c NMR(CDCl3, 6) ; 108.7 (4-CH), 135.4 (3-CH), 146.7 (5-CH). 

3ip NMR(CDCl 3 , 6) : 1.2 (s, 3P). 

3.4.3 2,2-Diphenyl-4,4,6,6-tetrakis(3,5-dimethyl-l-pyrazolyl) 
cyclotriphosphazene, N 3 P 3 Ph 2 (Pz )4 (tdpctp) 

Gem-N 3 P 3 Ph 2 Cl 4 (2.16 g, 5 mmol) dissolved in benzene (60 ml) was added to a solu- 
tion of 3,5-dimethylpyrazole (1.92 g, 20 mmol) and triethylamine (3.03 g, 30 mmol) 
at 25°C. The reaction mixture was heated under reflux for 50 h. It was cooled and 
triethylamine hydrochloride was filtered off. The solvent was stripped off in vacuo 
from the filtrate, leaving behind a residue which was washed with water (3x30 ml) 
and ether (2x20 ml) and subsequently dried in vacuo. The solid obtained was re- 
crystalized from a 1:1 mixture of acetonitrile and dichloromethane. Yield: 2.7 g, 
65%. 

Melting Point : 219'’C(Lit.[l] m.p. 217.5-219°C) 

IR(KBr, cm-^) : 3060m, 3000m, 2840m, 1560vs, 1457s, 1430s, 1408s, 

1369s, 1295vs, 1220vs,br, 1175s, 1088vs, 960vs, 
S68m, 798s, 755s, 745s, 730s, 620w. 
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NMR(CDCl 3 , S) : 2.15 (s, 12H, 3 -CH 3 ), 2.26 (s, 12H, 5 -CH 3 ), 5.88 (s, 

4H,4-CH), 7.3 (m, lOH, Ph). 

NMR(CDCl 3 , 6) : 12.8 ( 3 -CH 3 ), 13.7 ( 5 -CH 3 ), 109.4 (4-CH), 146.7 (3- 

C), 152.1 (5-C), 127.7, 127.8, 128.2, 131.-2, 131.4, 
131.5, 135.7, 134.3 (CeHg). 

NMR(CDCl 3 , 6) : 20.3 (t, PPh 2 ), -5.4 (d, PPzj), 2J(p-p)=25.2 Hz. 

3.4.4 2,2-Diphenyl-4,4,6,6-tetrakis(l-pyrazolyl)cyclotriphos- 
phazene, N 3 P 3 Ph 2 (pz )4 (tpctp) 

This compound was obtained using a procedure analogous to tdpctp. Yield: 75%. 

Melting Point : 219°C 

IR(KBr, cm~^) : 3060m, 1510m, 1470m, 1428s, 1392s, 1357s, 1280vs, 

1220vs,br, 1165vs,br, 1118s, 1056vs, 1020vs, 990m, 
928vs, 898m, 880m, 858m, 755s, br, 718s, 688s, 655m. 

NMR(CDCl3, S) : 6.23 (t, 4H, 4-CH), 7.73 (d, 4H, 3-CH), 7.90 (d, 4H, 

5-CH), 7.29-7.81 (m, lOH, CgHe). 

NMR(CDCl3, S) : 107.8 (4-CH), 134.8 (3-CH), 145.9 (5-CH), 128.3, 

128.4, 130.4, 130.5, 131.8, 133.1, 134.5, 134.7, 134.9, 
145.9 (CeHe). 

3ip NMR(CDCl 3 , 6) : 24.1 (t, PPhj), -1.99 (d, Ppzs), 2 J(p-p)= 30.5 Hz. 

3.4.5 2,2-Spiro-(l,3-diaminopropane)-4,4,6,6-tetrakis(3,5-di- 
methyl-l-pyrazolyl)cyclotriphosphazene, 
N3P3[NH(CH2)3 NH](Pz) 4 (stdpctp) 

Stdpctp was prepared by using a similar procedure as that of tdpctp, except 2,2-spiro- 
(l,3-diaminopropane)-4,4,6,6-tetrachlorocyclotriphosphazene, N 3 P 3 Cl 4 [NH(CH 2 ) 3 NH] 
was used instead of N 3 P 3 Ph 2 Cl 4 . Yield: 75-80%. 


43 



Melting Point 

: 178-179°C 

IR(KBr, cm-^) 

: 3220m, br, 2930m, 1570s, 1460m, 1410m, 1295s, 

1250s, 1205vs,br, 1140s, 1090s, 1028m, 965s, 830w, 
800m, 765m. 

iR NMR(CDCl3, 6) 

: 1.67 (q, 2H, -CH 2 -), 1.97 (s, 12H, 3 -CH 3 ), 2.05 (s, 

12H, 5 -CH 3 ), 3.20 (t, 4H, -NHCH 2 -), 3.70 (s,br 2H, 
-NH), 5.73 (s, 4H, 4-CH). 

NMR(CDCl3, 6) 

: 11.8 (— CH 2 — ), 12.3 ( 3 -CH 3 ), 13.4 ( 5 -CH 3 ), 40.2 

(— NHCH 2 — ), 103.38 (4-CH), 145.9 (3-C), 152.1 (5- 
C). 

NMR(CDCl3, <5) 

: 12.97 (t, Pspiro), 1.85 (d, PPZ 2 ), 2J(P-P)=50.7 Hz. 


3.4.6 2,2-Spiro-(l,3-diaminopropane)-4,4,6,6-tetrakis(l-py- 
razolyl)cyclotriphosphazene, N 3 P 3 [NH(CH 2 ) 3 NH](pz )4 
(stpctp) 

This new ligand was prepared as described above. Yield: 65-70%. 


Melting Point 

: 206-208° C 

IR(KBr, cm-^) 

: 3250m,br, 1510m, 1395s, 1360m, 1285s, 1235vs, 

1200vs,br, 1170s, 1110m, 1055s, 1030s, 935m, 855m, 
760s, 610s. 

iR NMR(CDCl3, S) 

: 1.63 (unresolved, 2H, -CH 2 ), 3.16 (unresolved, 4H, 

-NHCH 2 ), 3.36 (s,br, 2H, -NH), 6.42 (t, 4H, 4-CH), 
7.75 (d, 4H, 3-CH), 8.10 (d, 4H, 5-CH). 

NMR(CDCl3, S) 

: 25.6 (-CH 2 -), 40.0 (-NHCH 2 -), 107.4 (4-CH), 134.96 

(3-CH), 145.07 (5-CH). 

3^P NMR(CDCl3, 6) 

: 14.58 (t, Pspiro), -1.15 (d, Ppz 2 ), ^J(P-P)=50.5 Hz. 
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3.4.7 Hexakis(l-(2-oxidoethyl)-3,5-dimethylpyrazolyl)cyclo- 
triphosphazene, N 3 P 3 [ 0 (CH 2 ) 2 Pz ]6 (hoedpctp) 

To NaH (2.16 g, ~70 mmol) suspended in anhydrous tetrahydrofuran (75 ml), l-(2- 
hydroxyethyl)-3,5-dimethylpyrazole (9.8 g, 70 mmol) dissolved in 50 ml tetrahydro- 
furan was added dropwise. The mixture was allowed to stir for further 3 h. Then, 
N 3 P 3 CI 6 (3.48 g, 10 mmol) was added in small portions with vigorous stirring. After 
refluxing the mixture for 16 h, it was cooled and filtered. The solvent was removed 
under reduced pressure to leave a syrup. It was extracted with ether (3x40 ml), the 
ethereal extract washed with water thoroughly and dried over anhydrous Na. 2 S 04 . Re- 
moval of ether under reduced pressure gave a thick syrup, which solidified on cooling 
to 0°C. The compound was further purified by recrystallization from hexane. Yield: 
9.06 g, 93%. Alternatively the syrup was dissolved in small amount of acetone and 
poured into crushed ice. The resulting powdery product was filtered and air dried 
and finally dried over CaCb in a vacuum desiccator. 


Melting Point : 97°C 


IR(KBr, cm"^) : 3045m, 2995m, 1550m, 1460m,br, 1425m, 1382m, 

1305w, 1235s,br, 1180sh, 1050s, br, 950w,br, 890w, 
780m, 750sh. 


NMR(CDCl3, <5) 


2.13 (s, 36H, 3 and 5 -CH 3 ), 4.03 (m,unresolved, 24H, 
-CH 2 ), 5.74 (s, 6H, 4-CH). 


NMR(CDCl3, S) 


10.8 ( 3 -CH 3 ), 13.3 ( 5 -CH 3 ), 48.0 (— NCH 2 — ), 64.7 
(-OCH 2 -), 104.9 (4-CH), 139.8 (3-C), 147.7 (5-C). 


NMR(CDCl3, S) 
Elemental Analyses 


17.5 (s, 3P). 

Anal. calc, for C^zHeeNisPsOe : C, 52.01; H, 6.86; 
N, 21.66. Found: C, 52.10; H, 6.82; N, 21.50. 
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3.5 Synthesis of the Coordination compounds 

3.5.1 General 

The Coordination compounds with formula L-MX 2 [M=Cu (X=C1, Br), Co (X=C1), 
Ni (X=C1, Br)], where L=hdpctp, tdpctp, stdpctp and tpctp, were prepared by stir- 
ring the appropriate ligand (0.2 mmol) in dichloromethane (15 ml) with the anhydrous 
metal halide (0.2 mmol). After all the metal halide had dissolved in dichloromethane 
the reaction mixture was filtered and evaporated to ca. 2 ml. Addition of ether or 
hexane yielded the metal complexes generally in high yields. The complexes thus 
obtained were recrystallized from the 1:1 solvent mixture of dichloromethane and 
hexane. 

L d- MXj L-MXa . (4) 

For L- 2 MCI 2 [M=Cu (X=C1, Br), Co (X=C1)], where L=hdpctp, hpctp and hoedpctp, 
a similar procedure was used with two equivalents of metal halide. 

L + 2 MX 2 — » L-2MX2 (5) 

With copper(ll) perchlorate hexahydrate the ligands hdpctp and tdpctp give the di- 
aquo complexes of the general fomula L-Cu(C 104 ) 2 - 2 H 20 . This aquo adducts undergo 
facile ligand displacement reactions with various monodentate and bidentate nitroge- 
nous bases (NB) such as imidazole, pyridine, bipyridine etc. as given in Equation 

6 . 

L -b Cu(C 10J2-2H20 L • Cu(C10J2 • 2 H 2 O ^ Cu(C10j2 • NB (6) 

Typical procedures are given in the following section. 

3.5.2 Illustrative procedures 

hdpctp-CuCl 2 . Anhydrous CuCl 2 (0.04 g, 0.3 mmol) and hdpctp (0.21 g, 0.3 mmol) 
were taken together in dichloromethane (30 ml) and stirred vigorously for 30 min at 
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room temperature. The resulting light green solution was filtered and concentrated 
to about 5 ml. Dry benzene (5 ml) was added and filtered. The filtrate was again 
concentrated and ether (10 ml) added to obtain a light green solid. Yield: 0.24 g, 96%. 
It was finally recrystallized by diffusion of hexane into a dichloromethane solution of 


the compound. 


Melting Point 

: 207°C (dec) 

Elemental Analyses 

: Anal. calc, for C 31 H 44 N 15 P 3 CI 4 CU (including one 
molecule of CH 2 CI 2 of crystallization): C, 40.25; H, 
4.79; N, 22.71; Cu, 6.87. Found: C, 40.11; H, 4.82; 
N, 22.54; Cu, 6.64. 

IR(CsI, cm“^) 

: 2950m, 1573m, 1460m,br, 1440sh, 1405s, 1370m, 
1310sh, 1293s, 1240s,br, 1200sh, 1170sh, 1142s, 
1080m, 1042sh, 1030m, 1015m, 957m, 890m, 800m, 
770m, 620m, 577vs, 520sh, 510s, 460m, 440m. 


tdpctp-NiCl 2 : To a solution of tdpctp (0.134 g, 0.2 mmol) in dichloromethane 
(25 ml) was added anhydrous NiCl 2 (0.026 g, 0.2 mmol). The suspension was stirred 
for 48 h. The resulting maroon solution was then filtered to remove the unreacted 
NiCl 2 and concentrated to about 2 ml in vacuo. Addition of hexane (10 ml) afforded 


a maroon solid identified 

as tdpctp-NiC^. Yield: 0.11 g, 69%. 

Melting Point 

: 315°C (dec) 

Elemental Analyses 

:' Anal. calc, for C 32 H 38 N„P 3 Cl 2 Ni: C, 48.08; H,4.76; 
N, 19.28; Ni, 7.35. Found: C, 48.13; H, 4.79; N, 
19.35; Ni, 7.56. 

IR(KBr, cm~^) 

: 2935w, 1565s, 1452m, 1439s, 1400s, 1369m, 1318w, 
1303sh, 1290VS, 1220vs,br, 1175s, 1110s, 1080sh, 
1038s, 968s, 953s, 860s, 802m, 769m, 690s, 660m, 
623w. 


The nickel and cobalt complexes were also obtained by reacting the phosphino 
precursors M(PPh 3 ) 2 X 2 [M=Ni (X=C1, Br), Co (X=C1)] with the ligands tdpctp, 
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stdpctp and hpctp and tpctp (M=Co). With hdpctp, hpctp and tpctp insoluble 
nickel complexes were isolated as sole products which could not be characterized in 
detail. An example of this alternative procedure is as follows: 

tdpctp-CoCl2 : To a solution of tdpctp (0.167 g, 0.3 mmol) in dichloromethane 
(15 ml) was added CoCl2(PPh3)2 (0.196 g, 0.3 mmol) dissolved inr-dissoiTed in dichloro- 
methane (10 ml) dropwise with vigorous stirring. After the addition was over the 
reaction mixture was stirred for 1 h and filtered. The filtrate was concentrated to ca. 
3 ml and diethyl ether (10 ml) added to yield tdpctp-CoCl2. Yield; 0.2 g, 97%. 


Melting Point 

: 318°C (dec) 

Elemental Analyses 

: Anal. calc, for C32H38N11P3CI2C0: C, 48.08; H, 
4.79; N, 19.27; Co, 7.37. Found: C, 48.19; H, 4.66; 
N, 19.35; Co, 7.47. ■ 

IR(KBr, cm-i) 

; 2938m, 1560vs, 1450m, 1425s, 1400s, 1370m, 1315w, 
1300sh, 1285vs, 1220vs,br, 1170vs,br, 1110s, 1070vs, 
1030s, 973m, 960s, 900s, 880m, 860s, 845w, 800s, 
765m, 750m, 745w, 732m, 720s, 695sh, 688s, 660w, 
622w, 610w. 


hdpctp-CuCl2-PdCl2C6H6-H20 : Solutions of hdpctp CuCb (0.168 g, 0.2 mmol) in 
benzene (10 ml) and tra.ns-Pd(PhCN)2Cl2 (0.076 g, 0.2 mmol) in benzene (5 ml) were 
combined and stirred for 8 h in room temperature. The yellow precipitate formed 
was filtered off and washed with benzene and hexane twice. Crystallization from 
dichloromethane-benzene (1:1) afforded a yellow micro crystalline solid of hdpctp-Cu- 
Cl2-PdCl2C6H6. Yield: 0.19 g, 93%. The heterobimetallic complexes with platinum 
counter metal were obtained by using a similar procedure. However refluxing the 
reaction mixture for about 12 h was required for the completion of the reactions. 

Melting Point : 209°C (dec) 

Elemental Analyses : Anal. calc, for CaeHsoNisPaOCUCuPd: C, 38.83; H, 

4.53; N, 18.87. Found: C, 38.65; H, 4.54; N, 18.78. 
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IR(KBr, cm-^) : 3450m, br, 1570m, 1460m, 1400m, 1290m, 1220vs,br, 

1140vs,br, 1100m, 1050m, 970m, 950m, 800w, 690w, 
6S0w. 

tdpctp-Cu(C 104 ) 2 -bipy : The complex tdpctp-Cu(C 104 ) 2 - 2 H 20 (0.194 g, 0.2 mmol) 
prepared in situ was treated with an equivalent amount of 2,2'-bipyridine (0.031 g, 
0.2 mmol) in dichloromethane (20 ml) for 30 minutes with vigorous stirring. The 
resulting deep blue solution was filtered and evaporated to ca. 5 ml and diethyl ether 
(15 ml) added. A blue precipitate formed, which was washed with benzene, hexane 
and dried over dry CaCl 2 and finally recrystallized from dichloromethane-hexane (1:1) 
mixture. Yield: 0.198 g, 91%. 


Yield 

: 91% 

Melting Point 

: 152°C (dec) 

Elemental Analyses 

: Anal. calc, for C 42 H 46 N 13 P 3 O 8 CI 2 CU: C, 46.37; H, 
4.26; N, 16.74; Cu, 5.84. Found: C, 46.20; H, 4.23; 

N, 16.89; Cu, 5.68. 

IR(KBr, cm~^) 

: 1600m, 1570s,br, 1478m, 1467m, 1459m, 1440s, 

1410m, 1310m, 1290s, 1230vs,br, 1180s, 1150sh, 
1090vs,br, 1050sh, 960sh, 865w,br, 770m, 740sh, 
730m, 690w,br, 625s. 

The routine physical data for the remaining complexes synthesized for the present 

study are given below: 

hdpctp-CuBr 2 : 

Yield 

: 95% 

Melting Point 

168°C (dec) 


Elemental Analyses : Anal. calc, for C 3 oH 42 Ni 5 P 3 Br 2 Cu: C, 38.79; H, 

4.56; N, 22.62; Cu, 6.84. Found: C, 38.42; H, 4.25; 
N, 22.30; Cu, 6.50. 
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IR(CsI, cm 

hdpctp-2CuCl2-CH2Cl2 : 

Yield 

Melting Point 
Elemental Analyses 

IR(CsI, cm~^) 

hdpctp-2CuBr2 : 

Yield 

Melting Point 
Elemental Analyses 

IR(CsI, cm-^) 

hdpctp-Cu(C 104 ) 2 - 2 H 20 

Yield 

Melting Point 


2950m, 1572s, 1460s,br, 1410s, 1370m, 1292s, br, 
1231vs,br, 1200VS, 1171sh, 1143s, 1080m, 1040m, 
1018m, 960s, 900m, 800m, 770m, 620m, 578vs, 
520sh, 505s, 470m, 440m. 


80% 

164°C (dec) 

Anal. calc, for C 3 ]H 44 N] 5 P 3 Cl 6 Cu 2 ' C, 35.14; H, 
4.19; N, 19.83; Cu, 11.99. Found: C, 34.87; H, 4.40; 
N, 19.60; Cu, 11.42. 

2950m, 1570s, 1450m,br, 1410m, 1375m, 1300m, 
1240vs,br, 1190vs, 1142vs, 1110m, 1080m, 1042m, 
970m, 870m, 800m, 770m, 615m, 570vs, 512vs, 
450m. 


90% 

173°C (dec) 

Anal. calc, for C 3 oH 42 Ni 5 P 3 Br 4 Cu 2 : C, 31.27; H, 
3.67; N, 18.23; Cu, 11.03. Found: C, 30.96; H, 3.42; 
N, 18.01; Cu, 10.83. 

2950m, 1560s, 1450m,br, 1410m, 1370m, 1340m, 
1295m, 1245vs,br, 1160vs, 1140sh, 1047s, 975m, 
840s, 800m, 770m, 620m, 570s, 520s. 


81% 

165°C (dec) 
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Elemental Analyses 

: Anal. calc, for C30H46N15P3O10CI2CU: C, 35.88; H, 
4.62; N, 20.92; Cu, 6.33. Found: C, 35.64; H, 5.03; 
N, 20.80; Cu, 6.30. 

IR(KBr, cm-^) 

: 3450m, br, 3050m, 1555s, 1450m, 1400s, 1320w, 

1290s, 1240vs,br, llSOsh, 1145s, br, llOOsh, 1080sh, 
1040sh, 955s, 620s. 

hdpctp Cu(C104)2 bipy 0112012: 


Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-i) 


91% 

132°C (dec) 

Anal. calc, for C4iH52Ni7P308Cl4Cu; C, 40.72; H, 
4.34; N, 19.69; Cu, 5.25. Found: C, 40.06; H, 4.83; 
N, 19.32; Cu, 5.20. 

3045m, 1590m, 1560s, 1455m, 1430s, 1300s, 1280s, 
1220vs,br, 1170sh, 1080s, br, 950s, 610s. 


hdpctp-CuCl2-PtCl2-C6H6 : 

Yield : 92% 

Melting Point : 142°C (dec) 


Elemental Analyses 


Anal. calc, for C36H48Ni5P3Cl4CuPt: C, 36.51; H, 
4.09; N, 17.74. Found: C, 36.70; H, 4.15; N, 17.63. 


IR(KBr, cm-i) 


1555m, 1450m, 1390m, 1280m, 1215vs,br, 1140s, 
1040m, 940m, 790w, 670m. 


hdpctpCuCl2PdBr2C6H6H20: 


Yield : 85% 


Melting Point : 192°C (dec) 

Elemental Analyses : Anal. calc, for C36H5oNi5P30Cl2Br2CuPd: C, 36.0; 

H, 4.2; N, 17.6. Found: C, 35.9; H, 4.2; N, 17.5. 

central liBRAR> 
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IR(KBr, cm-^) 


: 3450w,br, 1570m, 1460m, 1410m, 1290m, 1220vs,br, 

1150s, 1050m, 985m, 977m, 960m, 810w, 690m. 


hdpctp-CuCl2PtBr2-l| 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-^) 

tdpctp-CuCl2-CH2Cl2 : 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-^) 

tdpctp-CuBr2 : 

Yield 

Melting Point 
Elemental Analyses 




: 95% 

; 148°C (dec) 

: Anal. calc, for C39H5iNi5P30Cl2Br2CuPt; C, 35.7; 
H, 3.9; N, 16.0. Found: C, 35.5; H, 3.9; N, 15.95. 

: 1580m, 1460m, 1410m, 1290m, 1230vs,br, 1200vs,br, 

1150s, 1050m, 960m, 8l0w, 765m, 695m. 


: 95% 

: 207°C (dec) 

: Anal. calc, for C33H40N11P3CI4CU: C, 44.58; H, 
4.54; N, 17.33; Cu, 7.15. Found: C, 44.49; H, 4.38; 
N, 17.45; Cu, 7.07. 

: 1560vs, 1468m, 1430m, 1405m, 1295s, 1225vs,br, 

1180vs, 1140s, 1050m, 1020w, 955m, 860m, 770m, 
748m, 725m, 695s. 


: 90% 

: 209°C (dec) 

: Anal. calc, for C32H38N4iP3Br2Cu: C, 43.04; H, 
4.29; N, 17.25; Cu, 7.12. Found: C, 42.95; H, 4.32; 
N, 17.14; Cu, 7.20. 
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IR(KBr, cm : 1565vs, 1435s, 1410s, 1295vs, 1230vs,br, llSOvs, 

1125s, 1050m, 960m, 865m, 815w, 785s, 760s, 730s, 
710s. 

tdpctp-NiBr2: 


Yield : 75% 

Melting Point : 280-2S5°C (dec) 

Elemental Analyses : Anal. calc, for C32H38NiiP3Br2Ni: C, 43.72; H, 4.31; 

N, 17.35; Ni, 6.61. Found: C, 43.39; H, 4.31; N, 
17.65; Ni, 6.47. 

IR(KBr, cm-^) : 293Sm, 1569vs, 1459m, 1430s,br, 1405s, 1373m, 

1320w, 1305sh, 1290vs, 1220vs,br, 1175vs,br, 1112s, 
1079sh, 1040vs, 969vs, 957vs, SSSw, 865m, 810m, 
782m, 698s, 668m. 

tdpctp-Cu(C 104 ) 2 - 2 H 20 : 


Yield : 93% 

Melting Point : 208°C (dec) 

Elemental Analyses : Anal. calc, for C32H42N11P3O10CI2CU: C, 39.67; H, 

4.37; N, 15.92; Cu, 6.56. Found: C, 39.67; H, 4.40; 
N, 15.81; Cu, 6.45. 

IR(KBr, cm-^) : 3400m,br, 1562s, 1460m, 1453m, 1445m, 1430m, 

1405m, 1310sh, 1300s, 1225vs,br, llSOvs, 1100vs,br, 
1040s, 990w, 9S0w, 965m, 915w, 870m, 820w,br, 
768w, 740m, 720s, 690m, 620s. 

tdpctp-Cu(C 104 ) 2 - 2 py: 

Yield : 80% 

Melting Point : 140°C (dec) 
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Elemental Analyses : Anal. calc, for C42H48N13P3O8CI2CU: C, 46.28; H, 

4.44; N, 16.71; Cu, 5.83. Found: C, 46.35; H, 4.35; 
N, 16.93; Cu, 5.80. 

IR(KBr, cm-^) : 1595m, 1560s, 1440s, 1430s, 1400m, 1360m, 1310sh, 

1285sh, 1230vs,br, 1175s, 1080vs,br, 1040sh, 950m, 
860w,br, 7.32m, 720m, 690m, 618s. 

tdpctpCu(C 104 ) 2 - 2 ImH : 

Yield : 95% 

Melting Point : 213°C 

Elemental Analyses : Anal. calc, for C38H46N15P3OSCI2CU: C, 42.93; H, 

4.34; N, 19.67; Cu, 5.95. Found: C, 42.35; H, 4.38; 
N, 19.57; Cu, 6.03. 

IR(KBr, cm“^) : 3300m,br, 1560m, 1530m, 1450s, br, 1427s, 1400m, 

1360w, 1310sh, 1283s, 1225vs,br, 1170s, 1100vs,br, 
1050sh, 960sh, 950m, 860m, 800w,br, 750m, 745m, 
730s, 720s, 682m, 640m, 610s. 

tdpctp-Cu(C 104 ) 2 -phen: 

Yield : 86% 

Melting Point : 168°C (dec) 

Elemental Analyses : Anal. calc, for C44H46N13P3O8CI2CU: C, 47.30; H, 

4.17; N, 16.37; Cu, 5.71. Found: C, 47.30; H, 4.23; 
N, 16.25; Cu, 5.65. 

IR(KBr, cm-i) : 1565s, 1510m, 1450m, 1425s, 1405m, 1305sh, 1290s, 

r230vs,br, 1180s, 1150s, 1080vs,br, 1040sh, 1020sh, 
951s, 865m, S40m, 800w,br, 735s, 725s, 712s, 690m, 
620s. 

stdpctpCuCl2 : 

Yield : 88% 
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Melting Point 
Elemental Analyses 

IR(KBr, cm-^) 

stdpctp-CuBr2 : 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-^) 

stdpctpCoCl2 : 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-^) 

stdpctpNiCl2 : 

Yield 

Melting Point 


140°C (dec) 

Anal. calc, for C 23 H 36 N 13 P 3 CI 2 CU: C, 38.26; H, 
5.03; N, 25.22; Cu, 8.80. Found: C, 38.21; H, 5.17; 
N, 25.23; Cu, 8.82 

3200m, br, 1565s, 1460m, 1405m, 1295m, 1245s, br, 
1180s, 1140sh, 1040m, 980w, 830w,br. 


: 83% 

: 128°C (dec) 

; Anal. calc, for C 23 H 3 gNj 3 P 3 Br 2 Cu: C, 34.07; H, 
4.47; N, 22.45; Cu, 7.84. Found: C, 34.11; H, 4.35; 
N, 22.20; Cu, 7.92 

; 3225m, br, 1565s, 1460m, 1405m,br, 1320sh, 

r295m,br, 1240vs,br, 1180s, ir20s, 1080sh, 1040m, 
955m, 850m. 


: 75% 

: 165°C (dec) 

: Anal. calc, for C 23 H 36 N 13 P 3 CI 2 C 0 : C, 38.51; H, 
5.06; N, 25.38. Found: C, 38.40; H, 5.11; N, 25.27. 

: 3300m,br, 1570vs, 1460ni, 1410s, br, 1380w, 1320sh, 

1300s, 1245VS, 1190vs, 1160sh, 1080s, br, 1040s, 
960m, 870m, 830m. 


: 80% 

: 262°C (dec) 
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IR(KBr, cm-^) 

tpctp-CuBra : 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-^) 

tpctp-CoCl2 : 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-i) 

tpctp-PtCl2-CuCl2 : 

Yield 

Melting Point 
Elemental Analyses 


1505m, 1460m, 1430s, 1390s, 1350s, 1280sh, 

1215vs,br, inOsh, 1120vs, 1050vs, 1035sh, 925s, 
860m, 760vs, 720s, 6S0s, 660m. 


71% 

186°C (dec) 

Anal. calc, for C 24 H 22 NnP 3 Br 2 Cu; C, 36.92; H, 
2.84; N, 19.73; Cu, 8.14. Found: C, 36.85; H, 2.91; 
N, 19.82; Cu, 8.28 

1500m, 1460m, 1425s, 1400s, br, I375sh, 1350m, 
1280sh, 1225vs,br, 1165vs,br, 1115vs, 1050vs,br, 
920m,- 850m, 760vs, 720s, 680s. 


: 85% 

: 144°C (dec) 

: Anal. calc, for C 24 H 22 N„P 3 Cl 2 Co: C, 41.94; H, 
3.23; N, 22.42. Found: C, 41.85; H, 3.30; N, 22.38. 

: 1520m, 1445s, 1410m, 1300s, 1250vs,br, 1180vs,br, 

1135s, 1060m, 1035sh, 970m, 940m, 870w, 770s, br, 
740s, 700s, 675m. 


: 90% 

; 120°C (dec) 

: Anal. calc, for C 24 H 22 NnP 3 Cl 4 CuPt: C, 30.09; H, 
2.31; N, 16.09; Cu, 6.63. Found: C, 30.18; H, 2.38; 
N, 16.01; Cu, 6.51 
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IR(KBr, cm 

[tpctp]2Cu(CIQ4)2 : 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-^) 

tpctp-Cu(C 104 ) 2 - 2 py : 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-^) 

tpctp-Cu(C 104 ) 2 - 2 ImH: 

Yield 

Melting Point 
Elemental Analyses 


1500m, 1430m, 1390m, 1280sh, r230vs,br, 1170vs,br, 
1110s, 1040s, 950m, 920m, 850m, 750vs, 710s, 670m. 


58% 

136°C (dec) 

Anal. calc, for C4SH44N22P6CI2O8CU: C, 41.86; H, 
3.22; N, 22.37; Cu, 4.61. Found: C, 41.81; H, 3.30; 
N, 22.45; Cu, 4.54 

1510m, 1460w, 1430s, 1400m, 1360m, 1285sh, 
1230vs,br, 1165vs,br, 1110vs,br, lOSOsh, 950m, 
920m, 850m, 760s, 720s, 690m, 620s. 


85% 

173°C (dec) 

Anal. calc, for C34H32N13P3CI2O8CU: C, 41.75; H, 
3.30; N, 18.62; Cu, 6.50. Found: C, 41.81; H, 3.36; 
N, 18.54; Cu, 6.54 

1600m, 1480m, 1430s, 1400m, 1285sh, 1225vs,br, 
1170sh, 1110vs,br, 1060sh, 930m, 860m, 755s, 720m, 
690s, 620s. 


91% 

182°C (dec) 

Anal. calc, for CsoHaoNisPsCbOgCu: C, 37.69; H, 
3.16; N, 21.98; Cu, 6.65. Found: C, 37.78; H, 3.09; 
N, 21.91; Cu, 6.70 
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IR(KBr, cm"^) 

tpctp-Cu(C 104 ) 2 -bipy: 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-^) 

tpctp-Cu(C 104 ) 2 phen: 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm~^) 

hoedpctp-2CuCl2 : 

Yield 

Melting Point 
Elemental Analyses 


3300m, br, 1570m, 1500w, 1480m, 1410m, 1300s, 
1230vs,br, l]80vs,br, 1110vs,br, 950m, 870m, 800w, 
750sh, 735s, 690m, 650m, 620s. 


78% 

155°C (dec) 

Anal. calc, for Cs^HsoNiaPsClsOgCu: C, 41.84; H, 
3.10; N, 18.66; Cu, 6.51. Found: C, 41.76; H, 3.14; 
N, 18.61; Cu, 6.44 

1600s, 1570m, 1510m, 1440s, 1400m, 1360ni, 1290vs, 
1220vs,br, 1160vs,br, 1080vs,br, 930m, 900m, 860m, 
760s,br, 720s, 700m, 660m, 626s. 


66 % 

148°C (dec) 

Anal. calc, for C 36 H 3 oN] 3 P 3 Cl 208 Cu: C, 43.24; H, 
3.02; N, 18.21; Cu, 6.35. Found: C, 43.06; H, 2.97; 
N, 18.07; Cu, 6.28 

1590w, 1520m, 1450s, 1430m, 1300vs, 1230vs,br, 
1170vs,br, 10S0vs,br, 920m, 830m, 760s, 720s, 690m, 
620s. 


83% 

64° C (dec) 

Anal. calc, for C 42 H 66 N 15 P 3 O 6 CI 4 CU 2 : C, 40.72; H, 
5.37; N, 16.96; Cu, 10.26. Found: C, 40.80; H, 5.38; 
N, 16.82; Cu, 10.05. 
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IR(KBr, cm-^) 

hoedpctp- 2 CuBr 2 : 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-’) 

hoedpct'p2CoCl2 : 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-’) 

hoedpctp- 2 Cu(C 104 ); 

Yield 

Melting Point 
Elemental Analyses 

IR(KBr, cm-’) 


1555m, l-lSOm, 1400m, br, 1240s,br, lOSOsh, 
1040s, br, 950m, 890w, 800w,br, 745w. 


: 80% 

: 66°C (dec) 

: Anal. calc, for C42H66Ni5P306Br4Cu2: C, 35.61; H, 
4.70; N, 14.83; Cu, 8.97. Found: C, 35.81; H, 4.83; 
N, 14.82; Cu, 8.99. 

: 1560m, 1470m, 1430m, 1370m, br, 1240s,br, 1080sh, 

1050s,br, 960w, 895w, 800w,br, 750w. 


; 70% 

: 7rC (dec) 

: Anal. calc, for C42H66N15P3O6CI4C02: C, 41.02; H, 
5.41; N, 17.09. Found: C, 40.98; H, 5.38; N, 17.28. 

: 1560m, 1470m, 1430ni, 1370m, br, 1240s, br, 1085sh, 

1050s,br, 960w, 895w, 800w,br, 750w. 

4H2O: 


: 76% 

: 85°C (dec) 

: Anal. calc, for C42H74N15P3O26CI4CU2: C, 32.19; H, 
4.76; N, 13.41; Cu, 8.11. Found: C, 32.30; H, 4.83; 
N, 13.25; Cu, 8.05. 

: 1560m, 1470m, 1430m, 1370m,br, 1240s,br, 

1100vs,br, 1075sh, 1040s,br, 970w, 810w,br, 750w, 
620s. 
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3.6 Concluding Remarks 

In this chapter a general outline has been given about the experimental procedures 
to give the reader an impression of the synthetic methods and the equipments used 
in the elucidation of the structures. Most of the data that are routine have also been 
incorporated in this chapter. Other data are dealt in greater detail in the subsequent 
chapters of this thesis. 

The ligand synthesis starting from pyrazoles and chlorocyclotriphosphazenes is 
straight forward and also results in a large variety of pyrazolylcyclotriphosphazene 
ligands. Novel substituted pyrazoles might be used to give new ligands based on 
this methods. Substituent control on the starting phosphazene precursors might be 
tuned to obtain specific functional ligands. The preparation of ligands starting from 
l-(2-hydroxyethyl) pyrazoles is also relatively easy. New ligands may be obtained by 
using l-(2-aminoethyl) pyrazoles. The pyrazolylcyclotriphosphazenes are quite stable 
in the absence of moisture and soluble in most organic and chloro solvents. However, 
they are insoluble in solvents such as hexane, acetonitrile, ethanol, methanol, etc. 

The synthesis of the coordination compounds is straightforward. Most complexes 
readily crystallize from chloro/hydrocarbon solvent mixtures. Singh crystals were us- 
ually obtained by patience. The compounds crystallize upon slow evaporation of the 
solvent in partly closed container or on vapor diffusion. 
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Chapter 4 


Varying the Number of Pyrazolyl Substituents 
in Cyclotriphosphazene Skeleton to Control 
the Degree of Nuclearity 


Coordination Chemistry, the seminal, but highly augmented, legacy to 
science of Alfred Werner, is foundational to the understanding of the global 
issue of the organization of molecules in whatever sample of matter such a 
process may occur, be it natural or synthetic.” 

-Daryle H. Busch, Chem. Rev., 1993, 93, 847. 


4.1 Introduction 

The general procedure of reacting pyrazoles with a halogenocyclotriphosphazene leads 
to a variety of pyrazolylcyclotriphosphazene ligands with multiple coordination sites. 
By varying the number of pyrazolyl substituents attached in the cyclotriphosphazene 
ring or changing the nature of substituents at pyrazole group, different constraints 
within the ligand can be studied. Also the substituents other than pyrazolyl group 
linked to cyclotriphosphazene skeleton may be varied and their influence can be eval- 
uated. 

Three ligands and several of their copper, cobalt, and nickel complexes will be dis- 
cussed in this chapter. At first the influence of number of exocyclic donor substituents 
in cyclotriphosphazene skeleton will be studied. The differences and/or the simi- 
larities between hexakis(3,5-dimethyl-l-pyrazolyl)cyclotriphosphazene (hdpctp) and 
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2,2-diphenyl-4,4,6,6-tetrakis(3,5-dimethyl-l-pyrazolyl)cyclotriphosphazene (tdpctp) 
will be examined. In tdpctp two geminal positions at cyclotriphosphazene ring are 
blocked by non-interacting phenyl substituents. Thus, it has two donor groups (3,5- 
dimethyl- 1-pyrazolyl) less than that in hdpctp. The next step in this consideration is 
changing the non-interacting phenyl substituents in tdpctp with an amido group. A 
ligand 2,2-spiro(l, 3-diaminopropane)-4, 4,6,6- tetrakis(3,5-dimethyl-l-pyrazolyl)cyclo- 
triphosphazene (stdpctp) has been prepared from 2,2-spiro(l,3-diaminopropane)-4,4,6, 
6-tetrachlorocyclotriphosphazene (stcctp) and 3,5-dimethyl pyrazole. One might ex- 
pect the amido group to exert two effects: (i) It would increase the basicity of the 
cyclotriphosph^ene skeletal nitrogens owing to their electron releasing influence and 
inturn may result in complexes having strong cyclophosphazene ring nitrogen- metal 
interactions, (ii) Alternatively, it may compete for coordination to metal along with 
the 3,5-dimethyl-l-pyrazolyl substituents. One may select any amido substituent or 
donor substituent different from pyrazole to investigate these effects. We have cho- 
sen spiro substituent 1,3-diamino propane because of its easy preparation and earlier 
reports on related compounds had clearly established the coordination ability of this 
spiro loop towards transition metals [1]. Schematic drawings of the ligands discussed 
in this chapter are given in Figure 1. 

4.2 Synthesis and Characterization of the Ligands 

Syntheis of pyrazolylcyclotriphosphazenes has been first reported by Paddock and 
co-workers [2]. They have isolated hdpctp, tdpctp (though in low yields) and other 
higher membered derivatives and studied their ligating properties with platinum(ll) 
and palladium(ir) halides. We have obtained the ligands hdpctp and tdpctp by using 
modified procedures in higher yields. Stdpctp has been prepared for the first time. 
The reaction schemes employed to synthesize the ligands are depicted in Figure 2. 

Hexachlorocyclotriphosphazene reacts with six equivalents of 3,5-dimethyl pyra- 
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tdpctp 



stdpctp 




Figure 1: Structures of the ligands hdpctp, tdpctp and stdpctp. 
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zole in the presence of a slight excess of triethylamine in benzene to yield hexakis(3,5- 
dimethyl-l-pyrazolyl)cyclotriphosphazene (hdpctp). Tdpctp has been obtained by a 
two step method. Friedal- crafts phenylation of N3P3CI6 according to McBee and 
co-workers [3] produces the geminal 2,2-diphenyl-4,4,6,6-tetrachlorocyclotriphospha- 
zene. This on further treatment with 3,5-dimethyl pyrazole in the presence of triethy- 
lamine as hydrogen chloride scavenger leads to the desired ligand tdpctp. Stdpctp is 
also easily accessed by adopting available procedures in the literature. 1,3-Diamino 
propane when reacted with N3P3CI6 in tetrahydrofuran forms the spiro derivative, 2,2- 
spiro(l,3-diaminopropaiie)-4,4,6,6-tetrachlorocyclotriphosphazene (stcctp) [4]. This 
stcctp undergoes facile nucleophilic substitution rection with 3,5-dimethyl pyrazole 
at the PCI2 centres to generate the new ligand 2,2-spiro(l,3-diaminopropane)-4, 4,6,6- 
tetrakis(3,5-dimethyl-l-pyrazolyl)cyclotriphosphazene (stdpctp). The ligands have 
been characterized by multinuclear NMR and IR spectroscopy and in case of stdpctp 
an x-ray diffraction analysis has also be completed but the details are not included 
in this thesis. 

The proton NMR spectra of the ligands are dominated by the pyrazolyl protons. 
In 1-unsubstituted simple pyrazoles the substituent in the carbon-3 and carbon-5 
are chemically equivalent. Linkage with cyclotriphosphazene phosphorus via N-1 
causes them to be inequivalent, and two separate singlets are observed for the methyl 
substituents in carbon-3 and carbon-5 in all the ligands. The proton attached to 
pyrazole nucleus at carbon-4 resonates at ca. 5.7 ppm irrespective of the ligand. 
The ligands tdpctp and stdpctp show additional features due to the phenyl and 
1,3-diamino propane moieties respectively. The NMR spectrum of tdpctp shows a 
cluster of signals in the region 7.2-8.0 ppm for the phenyl groups while that of stdpctp 
shows a quartet at 1.67 ppm, a triplet at 3.20 ppm and a broad signal at 3.70 ppm due 
to the -GH2- group, the two -NCH2- groups and the two -NH-P protons respectively 
originating from the 1,3-diamino propane spiro loop (Figure 3). 
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Table 1: NMR data for the ligands and related derivativcs.“ 


compound 

6PPz2 

^PCl; 

N3P3PZ6 (hdpctp) 

-3.4 

— 

N3P3Ph2Pz4 (tdpctp) 

-5.4 

- 

N3P3[NH(CH2)3NH]Pz4 

1.85 

- 

(stdpctp) 



N3P3Ph2Cl4 

- 

17.1 

N3P3[NH(CH2)3NH]Cl4 

- 

23.1 

N3P3(NHBu‘)2Cl4 

- 

19.6 

N3P3(Az)2Cl4 

- 

21.9 

N3P3(Im)6 

- 

- 


others 

^Jp-p 

ref 



This work 

20.3 

25.2 

This work 

13.0 

50.7 

This work 

19.5 

12.0 

5 

12.3 

43.7 

6 

2.3 

44.7 

7 

34.2 

30.0 

8 

2.3 

- 

9 


“ Chemiccil shifts are in ppm (ref: 85% H3PO4) and coupling constants are in Hz 


The ^^P NMR sjjectra of the ligands tdpctp and stdpctp display two resonances 
at -5.4 and 1.85 and at 20.3 and 13.0 as a doublet and a triplet respectively. The 
low frequency doublet is readily assigned to the PPz2 groups since the values are 
very close to the singlet observed for hdpctp. The two bond coupling observed for 
the PPz2 and Pgpiro oi' PPha centres in stdpctp or tdpctp are larger than that ob- 
served for PCI2 and Pspiro or PPh2 groups in the parent compounds N3P3Ph2Cl4 [5] 
and N3P3[NH(Cn2)3NH]Cl2 [6] respectively (Table 1). The chemical shift of a par- 
ticular phosphorus atom depends on several factors such as, nature of substituent 
(steric and electronegativity), extent of 7r-bonding with the substituent, bond angles 
at phosphorus, etc [10]. The substituents on the adjacent phosphorus may also in- 
fluence the chemical shift of a phosphorus nuclei under consideration. It is clearly 
evident from the Table 1 that the bulkiness of the 3,5-dimethylpyrazolyl substituent is 
responsible for the drastic upheld shift when compared to the other amido substituted 
cyclotriphosphazenes. Slight down field shift for PPz2 group in stdpctp compared to 
that in hdpctp and tdpctp may be due to the electronic effect exerted by the elec- 
tron rich spiro loop. The ^^C-NMR spectra of the ligands are consistent with the 
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Figure 3: Proton (a) and Garbon-13 (b) NMR spectra of stdpctp 
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proposed structures and exhibit necessary features due to the groups present in the 
ligands (Figure 3 b). 

4.3 Coordination compounds of the ligand hexakis- 
(3,5- dimet hylpyr azoly 1) cy clot r iphosphazene 
(hdpctp) 

4.3.1 General 

The ligand hdpctp is a potential multidentate ligand with three-bond bites built in 
between the donor atoms if the coordination is via nongeminal pyrazolyl substituents 
and cyclophosphazene skeletal nitrogen. On the other hand, the geminal coordination 
to metal without phosphazene ring nitrogen participation may lead to six-membered 
chelate complexes with bidentate ligation per metal. Either way the ligand is capable 
of carrying three metals [in a tris(tridentate) or tris(bidentate) fashion]. Simultane- 
ously, the ligand environment is significantly varying in the metal uiz., N3 donor in 
the nongeminal coordination mode and N2 ligator in the geminal coordination pat- 
tern (cf. Chapter 1, page 2). Interestingly hdpctp yields both mononuclear (triden- 
tate) and binuclear [bis(tridentate)] complexes. No tris(tridentate) complexes could 
be isolated. The mononuclear complexes behave as novel metal containing ligands 
and results in heterobimetallic compounds when treated with additional metal pre- 
cursors. In Table 2 a summary of all coordination compounds together with their 
physical characteristics is given. For convenience the heterobimetallic complexes will 
be treated separately. 

4.3.2 Mononuclear and homodinuclear complexes of hdpctp 

Synthesis 

The reactions of Cu(ll)X2 (X=C 1 , Br) with hdpctp in dichloromethane in a 1:1 or a 
1:2 molar ratio yield the mono- and dimetallated derivatives hdpctp -00X2 (X = Cl, 
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Table 2: Physical Characteristics of coordination compounds of hdpctp 


compound 

hdpctp- CuCb 

hdpctp-2CuCl2 

hdpctp-CuBr2 

hdpctp- 2 CuBr 2 

hdpctp-Cu(C 104 ) 2 - 2 H 20 

hdpctp-Cu(C104)2-bipy 

hdpctp-CuCl2-PtClf 

hdpctp-CuCl2'PtBr| 

hdpctp-CuCl2-PdCl2-H20i 

hdpctp-CuCl2-PdBr2-H20i 


color 

nature 

/^c// (BM[) Am 

light green 

crystalline 

1.733 

7.5 

green 

crystalline 

1.672 

4.2 

yellow 

crystalline 

1.758 

4.1 

brown 

powder 

1.634 

6.2 

light blue 

crystalline* 

1.820 

227 

blue 

micro-crystalline 

1.980 

242 

green 

micro-crystalline 

1.840 

10.0 

green yellow 

powder 

1.810 

12.8 

yellow 

crystalline 

1.810 

5.5 

brown 

crystalline 

1.830 

8.5 


tunit: mho cm^ mol ^ 

‘hygroscopic solid, takes additional water and becomes green 
^benzene solvates, to avoid confusion they are omitted 


Br) and hdpctp-2CuX2 (X=C1, Br). Conductivity data (Table 2) for them in ace- 
tonitrile clearly indicate that the halides are bound to copper in the coordination 
sphere while the magnetic moment data (Table 2) rule out any significant mag- 
netic interaction between the metal centres in the 1:2 compounds and suggests that 
1:1 compounds are monomeric in nature [11]. The reaction of copper(n) perchlo- 
rate hexahydrate with hdpctp in dichloromethane affords the mononuclear complex 
hdpctp-Cu(C104)2-2H20. It behaves as a 1:2 electrolyse in acetonitrile solution [12] 
(Table 2). However, in solid state the IR spectra is demonstrative of the presence of 
one monodentate perchlorate ion [13] {/j.3 doublet at 1100 and 1040 cm~^) and an un- 
coordinated ionic perchlorate ion (singlets at 1080 cm“* and 620 cm“^) and suggests 
that probably in solution acetonitrile replaces the perchlorate ion from the coordi- 
nation sphere. From the pertinent references [14] it is also arrived that the water 
molecules are coordinating to the metal. Interestingly, this aquo complex undergoes 
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facile reaction with 2,2'-bipyridine to form hdpctp'Cu(C 104 ) 2 -bipy. This reaction 
evidently occurs via the expulsion of the aqua ligands as reflected by the disappear- 
ance of the broad absorption at 3500-3300 cm“^ in the infra-red spectra of the latter 
complex in contrast to the former. The IR spectra in the perchlorate region is un- 
doubtedly indicative of ionic, non-coordinating perchlorate ions. Magnetic moments 
(Table 2) calculated by Evans NMR method are normal for monomeric tetragonal 
copper complexes with weak axial interactions [11]. 

The infra-red spectra of all above compounds show the presence of the ligand 
bands. It is known that metallation or protonation of ring nitrogen atoms in cyclo- 
phosphazene leads to a splitting of the ring P=N stretching frequency, which is ob- 
served usually between 1190 and 1300 cm“^ This splitting is ascribed to the unequal 
bond (P=:N) bond distances within the cyclophosphazene ring [15]. On the contrary, 
if coordination is exclusively through exocyclic atoms the P=N stretching frequency 
remains largely unaffected. In the free ligand hdpctp the. ring P=N stretching fre- 
quency is observed around 1220 cm~^ as a strong and broad band. In the complexes 
a splitting of the parent P=N stretching frequency results in two bands one between 
1230-1250 cm“^ and another between 1180-1200 cm"^ In all compounds, the cyclo- 
triphosphazene skeletal nitrogen participates in coordination and the ligand hdpctp 
acts as a tridentate chelating or bis(chelating) ligand with two nongeminal pyraaolyl 
and one cyclotriphosphazene nitrogens. 

Electronic spectra 

The electronic spectra of the copper(ll) complexes and the free ligand hdpctp are 
shown in Figure 4 and data compiled in Table 3. Two strong and well resolved 
transitions near 280 and 360 nm are seen for all of the complexes. On the basis of 
earlier elegant work by Schugar and co-workers [16] on Cu(ll)-pyrazole complexes, 
these absorptions could be assigned as predominantly due to 7r2(Pz) Cu(ll) and 
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Table 3: Electronic Spectral data for 


mononuclear and homodinuclear complexes of 


hdpctp 


compound 

solvent 

^max ^ (^max) 

assignment 

hdpctp-CuCl 2 

CH 2 CI 2 

902 (0.237) 

d-d 



361 (1.45), 279 (2.79) 

Pz — + Cu l.m.c.t. 



231 (24.00) 

TT-TT* intraligand 


CH 3 CN 

949 (0.245) 

d-d 



458 (0.165) 

d-d ? 



358 (1.24), 276 (2.79) 

Pz —* Cu l.m.c.t. 



225 (26.80) 

x-TT* intraligand 


Nujol mull 

909 

d-d 



390, 300 

Pz — » Cu l.m.c.t. 



251 

x-x* intraligand 

hdpctp' 2 CuCl 2 

CH 2 CI 2 

877 (0.472) 

d-d 



364 (3.74), 277 (7.73) 

Pz Cu l.m.c.t. 



233 (39.88) 

x-x* intraligand 


CH 3 CN 

905 (0.485) 

d-d 



457 (0.440) 

d-d ? 



363 (3.09), 277 (5.64) 

Pz —*■ Cu l.m.c.t. 



225 (26.80) 

x-x* intraligand 


Nujol mull 

876 

d-d 



395, 300 

Pz — > Cu l.m.c.t. 



249 

x-x* intraligand 

hdpctp- CuBr 2 

CH 2 GI 2 

902 (0.426) 

d-d 



419 (1.65) 

Br — + Cu l.m.c.t. 



364 (1.55), 293 (2.65) 

Pz Cu l.m.c.t. 



232 (34.24) 

x-x* intraligand 


CH 3 CN 

930 (0.380) 

d-d 



412 (1.32) 

Br Cu l.m.c.t. 



365 (1.26), 295 (2.10) 

Pz Cu l.m.c.t. 



223 (50.13) 

x-x* intraligand 


Nujol mull 

900 

d-d 



464 

Br —* Cu l.m.c.t. 



423, 299 

Pz — » Cu l.m.c.t. 



246 

x-x* intraligand 


(continued ....) 
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Table 3: Continued 


hdpctp- 2 CuBr 2 

CH 2 CI 2 

885 (0.730) 

d-d 



427 (3.09) 

Br — > Cu l.m.c.t. 



361 (2.80), 291 (5.69) 

Pz -+ Cu l.m.c.t. 



233 (41.36) 

TT-JT* intraligand 


CH 3 CN 

905 (0.797) 

d-d 



424 (3.23) 

Br —* Cu l.m.c.t. 



360 (3.02), 295 (4.74) 

Pz — + Cu l.m.c.t. 



224 (68.50) 

TT-TT* intraligand 


Nujol mull 

876 

d-d 



465 

Br — > Cu l.m.c.t. 



431, 299 

Pz —* Cu l.m.c.t. 



248 

TT-TT* intraligand 

hdpctp-Cu(C 104 ) 2 - 2 H 20 

CH 3 CN 

748 ( 0.098) 

d-d 



311 (1.09), 260 (2.52) 

Pz — > Cu l.m.c.t. 



225 (22.66) 

TT-TT* intraligand 

hdpctp-Cu(C 104 ) 2 -bipy 

CH 3 CN 

670 (0.06), 582 (0.07) 

d-d 



308 (5.46), 267 (2.52) 

bipy— » Cu l.m.c.t., 
Pz — » Cu l.m.c.t. 



225 (40.07) 

r-ir* intraligand 

t units: nm (mol“^ cm“^ 

xlO^) 




7 ri(Pz) — > Cu(ll) charge transfer transitions. The band at around 230 nm is attributed 
to the TT-TT* intraligand transition with a slight contribution from n(Pz) — + Cu(n) 
charge transfer. In the chloro derivatives the Cl Cu(ll) l.m.c.t. are probably 
hurried in the high energy transition at ca. 280 nm. This is also consistent with 
the decreased intensity for the band at 260 nm in case of the Cu(ll) perchlorate 
complexes. However, in the bromo analogs a new low-energy absorption at 420 nm 
is seen which is attributed to a Br — > Cu(ll) l.m.c.t. based on data available for 
similar bromo derivatives [17]. The bipyridine adduct hdpctp’Cu(C 104 ) 2 'bipy shows 
increased intensity for the band at 360 nm suggesting large contribution from the 
bipy — »Cu(ll) l.m.c.t. In acetonitrile the chloro complexes hdpctp-nCuClj (n=l, 2 ) 
exhibit a new band at ca. 457 nm with low extinction coefficients (Table 3). At 
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present, the origin of this transition is not clear. 

It is generally accepted that the presence of a single d-d absorption with a high- 
energy shoulder for copper(ll) complexes is suggestive of a trigonal bipyramidal geom- 
etry around copper [11, 18], although the absence of such a high-energy shoulder is not 
necessarily indicative of alternate structures [19] while for the tetragonal complexes 
a low-energy shoulder is frequently located [11]. The copper(ll) halide complexes 
of hdpctp show a single broad asymmetric metal centered transition between 870 
and 950 nm. In acetonitrile, hdpctp-nCuBr 2 displays a clear high-energy shoulder at 
641 nm. The spectrum remains virtually unchanged in solution and in mull transmit- 
tance (Table 3), pointing that the solid state structures are retained in the solution 
as well. 

The d-d transition of the copper(ll) perchlorate complexes is also seen as a broad 
and asymmetric band. The band maximum of bipyridine adduct, hdpctp-Cu(C 104 ) 2 - 
bipy is shifted to higher energy (~70 nm) and is a overlap of two equal intense 
bands, reflecting the chasm in the ligand field strengths and a square pyramidal 
geometry [11] for copper respectively. Observation of two equal intense band is pro- 
posed as a characteristic of square pyramidal geometry [20]. The aquo complex, 
hdpctp-Cu(C 104 ) 2 - 2 H 20 reveals a low energy shoulder in the d-d band demonstra- 
tive of a tetragonal geometry with weak axial interactions [11]. Theories on the 
intensities of the d-d transition predict that the intensity of d-d transition inceases 
as the symmetry of the ligand field decreases [21] since the d-d transitions become al- 
lowed as electric dipole transitions. Larger intensity for the d-d transition of the aquo 
complex when compared with bipyridine adduct suggests a pronounced tetrahedral 
distortion in the former. This fact is further highlighted with a series of analogous 
tdpctp complexes in a latter section (see Section 4.4.2). 

EPR spectroscopy 

Electron paramagnetic resonance spectroscopy is a powerful tool to identify the 
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Figure 4: Electronic spectra of the complexes; (a) hdpctp-CuCb (b) hdpctp-2CuCl2 
(c) hdpctp-CuBrj (d) hdpctp-2CuBr2 and (e) hdpctp in CH3CN (A) and CH2CI2 (B) 
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Table 4: EPR data for mono- and homodinuclear complexes of hdpctp “ 


compound 


61 

82 

hdpctp-CuCU 

d 

2.046 

2.119 

hdpctp-2CuCl2 

d 

2.059 

2.233 

hdpctp-CuBr2 

d 

2.048 

2.119 

hdpctp-2CuCl2 

d 

2.065 

2.211 

hdpctp- 

d 

2.072 

2.351 

Cu(C104)2-2H20 





e 

2.072 

2.351 


f 

2.069 

2.339 

hdpctp- 

d 

2.060 

2.250 

Cu(C104)2-bipy 





e 

2.050 

2.234 


f 

2.042 

2.232 


h 

2.038 

2.244 

“ for axial, g(|=g2 

and gx 

=61; A 

values 


63 

All 

gav 


Aiso 

G 

2.255 

— 

2.142 


— 

4.07 

- 

117 

2.115 

- 

- 

3.78 

2.210 

- 

2.127 



3.43 

- 

- 

2.115 

- 

- 

3.25 

- 

131 

2.169 

- 

- 

4.88 


130 

2.169 



__ 

4.88 

- 

149 

2.163 

2.180 

71 

4.91 

- 

173 

2.125 

- 

- 

4.17 



176 

2.113 



_ 

4.68 

- 

173 

2.138 

2.137 

78^ 

5.52 


166 

2.128 

2.126 

73^ 

6.42 

Lre in 

xlO-'^ 

cm“^ 





giao and Aiao values are from room temperature isotropic spectra 

* from [3(gj|+2gj_)]^'^^ [3(61+62+63)]^^^ axial and rhombic spectra respectively 
from (g||-2.0)/(gx-2.0), for rhombic spectra g||=(g2+g3)/2 and gx=gi 

^ polycrystalline powder, room temperature 

* polycrystalline powder, liquid nitrogen temperature 

^ dichloromethane solution, room and liquid nitrogen temperatures 
® values and 12.6 and IS-SylO"”* cm“^ in CH2CI2 and CH3CN respectively 
^ acetonitrile solution, room and liquid nitrogen temperatures 


ground state and geometry of the copper compounds. EPR spectra of regular trig- 
onal bipyramidal copper(ll) complexes are characterized by an axial pattern with 
gx >g|| cr:2.0. Usually a hyperfine structure is seen in the g|| region with A|| being 
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Figure 5: EPR spectra of the complexes hdpctp-nCuX 2 [X=C1 (n=l (a) and 2 (b)), 
Br (n=l (c) and 2 (d))] as powder samples 

in the range (60- 100) xlO""* cm“^ for the spin-dilute samples [22]. On the contrary 
the tetragonal complexes show a reverse trend of their respective g|| and gx val- 
ues, i.e., g|| >gi cx2.0 and large Ay values usually in between 120 xlO”"* cm“^ and 
200x10-'* cm-^ 

The mononuclear copper(ll) halide complexes hdpctp-CuX 2 (X=C1 and Br) show 
a rhombic symmetry in the EPR spectra of the powder samples (Figure 5) and 
the lowest principal g-values are 2.040 and 2.048 respectively (Table 4). These 
are closely related to the values observed for the structurally analogous compounds 
Cu(dmIm) 3 Cl 2 [23] and Cu(terpy)X 2 (X=C1, Br) [24, 25] where the geometry around 
copper has been shown to be distorted trigonal bipyramidal by single crystal x-ray 
studies. The dinuclear complexes show axial EPR spectra with g|| >gx —2.0 indicat- 
ing a distorted trigonal bipyramidal geometry around copper with a dj; 2 _j^ ground 
state [11]. The A(| value calculated from the poorly resolved hyperfine structure for 
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Figure 6: EPR spectra of hdpctp-Cu(C 104 ) 2 - 2 H 20 in dichloromethane solution at 
room temperature (a) and LNT (b) and as powder(c) 


hdpctp-2CuCl2 is 117x10“'^ cm~^. It is evident from the EPR spectra of the ho- 
modinu clear complexes that both copper atoms are present in identical coordination 
environment with no appreciable variations in the geometries. This speculations are 
further in keeping with the single crystal x-ray results of the complex hdpctp-CuCl 2 
and the ligand degraded product [N 3 P 3 Pz 50 - 2 CuCl 2 ]” [PzH]'^ (see below). The G- 
values of the dinuclear complexes were calculated using the equation: 


9 \\ - 2-0 


- 2.0 


( 1 ) 


They are 3.78 and 3.25 for hdpctp-2CuCl2 and hdpctp* 2 CuBr 2 respectively. G-values 
less than four are indicative of non-ionic compounds with strong covalent interac- 
tions [26]. For the mononuclear complexes, hdpctp-GuX 2 taking gy = (gi+g2)/2 and 
gj_=g 3 G-values were calculated, which are 4.07 and 3.43 for X=C1 and Br respec- 
tively. Values of the G-parameter also reveal the absence of coupling of Cu^^ ions in 
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Figure 7: EPR spectra of hdpctp-Cu(C 104 ) 2 -bipy in dicliloromethane solution at room 
temperature (a) and LNT (b) and as powder (c) 

the coordination polyhedra [27]. 

We have examined the EPR spectra of the copper(ll) perchlorate derived com- 
plexes, hdpctp-Cu(C 104 ) 2 - 2 H 20 and hdpctp-Cu(C 104 ) 2 -bipy as a polycrystalline pow- 
der and as frozen dichloromethane or acetonitrile solutions (Figures 6-8). In general, 
the EPR spectra reveal the presence of a distorted tetragonal copper site with da, 2 _j ,2 
ground state in the complexes [11]. This is evident from their respective g|| and gx 
values, which in all cases show g|| >gi (Table 4). 

An examination of the gy and Ay values for the complexes hdpctp-Cu(C 104 ) 2 - 2 H 20 
indicates the high gy and low Ay values when compared with hdpctp-Cu(C 104 ) 2 -bipy. 
This is consistent with binding of less than four nitrogen atoms to the aquo complex 
and borders on the Peisach and Blumberg [28] plots of Ay versus gy for two nitrogens 
and two oxygens in the equatorial plane. More over these values compare well with 
the analogous complex [Cu(BDGB)(H 20 ) 2 (C 104 )]C 104 which has been proposed to 
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Figure 8: EPR spectra of hpdctp-Cu(CI04)2-bipy in acetonitrile at room temperature 
(a) and LNT (b) 

possess a N2O2 [29] chromophore. For powder sample four well resolved lines are 
observed while in solution less than four lines are located in the gy region (Figure 6) 
suggesting, that in solution the compound may exist in dimers resulting in a slight 
exchange coupling [11]. Also, in solution, the coordinated perchlorate anion comes 
olF as is indicated by conductance measurements (Table 1) and the sixth site in all 
probablity is occupied by a weakly bound solvent molecule in solution. However, 
there does not occur a change in geometric configuration in the complex as we change 
solvent from dichloromethane to acetonitrile. This is apparent from the gy and Ay 
data (Table 4) in both the solvents. A slight increase in gy and decrease in Ay values 
occur for this complex. This is indicative of the complex becoming increasingly ionic 
in acetonitrile. Similar effect is observed for hdpctp-Cu(C104)2'bipy as well. 

The EPR spectra of hdpctp-Cu(C104)2-bipy in various solvents (Figure 7 and 8) 
clearly demonstrate a severe distortion of the tetragonal symmetry. They show less 
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than four g|| lines and a considerable broadening of the gi line (the gx linewidth 
at half-amplitude is twice that observed in the aquo complex) (Figures 6 and 7). 
Such a broadening of the gx component is indicative of lowered symmetry manifest- 
ing through a rhombic splitting [11]. Replacement of aquo ligands by electron-rich 
2,2'-bipyridine lowers the g|| values and simultaneously increases the Ay values. The 
copper(ll) perchlorate derived complexes thus reflect a unique compensation of sub- 
tle electronic/structural effects. From aquo to bipyridine increased covalency is the 
controlling effect leading to a relatively increased Ay and lowered g||. Also slightly in- 
creased tetrahedral distortion in the equatorial plane is suggested for the aquo adduct 
from the larger g||/A|| quotient [30] and intensity of the d-d band. Interestingly the 
EPR spectra of the bipyridine adduct exhibits superhyperfine splitting due to four 
nitrogens strongly interacting in the equatorial plane. It is deduced that the cyclo- 
triphophaaene nitrogen, occupying an axial site, does not interact strongly with the 
unpaired electron of copper (ll). 

Description of crystal structures 

Crystal structures of a mononuclear complex, hdpctp-CuC^ and a dinuclear derivative 
[N 3 P 3 Pz 50 - 2 CuCl 2 ]” [PzH]"^ have been determined by x-ray diffraction studies. The 
crystal data are collected in Table 5. 

(a) hdpctp-CuCl 2 -CH 2 Cl 2 

An ORTEP representation of hdpctp-CuCl 2 with atomic numbering scheme is 
depicted in Figure 9. The copper ion is coordinated by two nongeminal pyrazolyl 
pyridinic nitrogens, one cyclotriphosphazene skeletal nitrogen and two chloride ions 
in a compressed trigonal bipyramidal geometry, with the two nongeminal pyrazolyl 
nitrogen atoms along the main axis and the chloride ions and cyclotriphosphazene 
ring nitrogen in the equatorial plane. Relevant bond lengths and bond angles are 
given in Table 6. The Cu-Np^ distances (av. 1.981 A) are comparable to the 
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Table 5: Crystal data for hdpctp-CuCb-CHaClj and [N 3 P 3 Pz 50 - 2 CuCl 2 ]- 
IPzH]+-CH3 CN 


compound 

hdpctp-CuCl 2 *CH 2 Cl 2 

[N3P3PZ50-2CuCl2]' 

formula 

C 31 H 44 NXSP 3 CI 4 CU 

[PzH]+-CH 3 CN 

C 32 H 47 N 16 P 3 OCI 4 CU 2 

fu, 

925.06 

1033.66 

crystal color 

green 

green 

crystal size 

0.14x0.36x0.50 

0.10x0.18x0.36 

space group 

P2i/n 

PI 

a, A 

21.338(4) 

11.640(3) 

h,A 

11.432(3) 

14.497(4) 

c, A 

18.285(3) 

14.775(3) 

a, deg 

- 

77.62(6) 

deg 

104.37(2) 

82.10(6) 

7 , deg 

- 

74.88(6) 

V,A3 

4321(2) 

2342.1(21) 

Cell determination 
reflections 

25 

25 

26 range, deg 

16-17.5 

14.0-16.0 

d(calcd), g cm“® 

1.422 

1.470 

Z 

4 

2 

linear abs. coefF., mm~^ 

0.78 

1.29 

scan technique 

ul20 

6-26 

scan speed, deg min“^ 

4-16 

4-16 

26 range, deg 

2-47.8 

2-45.9 

h,k,l ranges 

-24,23; 0,13; 0,20 

-12,12; 0,15; 16,16 

absorption range 

0.76-0.70 

0.69-0.89 

reflections measured 

6945 

6785 

data with I>3<7(I) 

3486 

2762 

R(F2), R^(F2) 

0.041, 0.049 

0.070, 0.091 


related compounds with copper-pyrazolyl pyridinic nitrogen interactions [31, 32]. The 
Cu-Cl bond lengths (of 2.2676(21) and 2.2429(19) A) are relatively short and the 
equatorial Cu— Ncrp distance is so long (2.360(5) A, cf. the Cu— N ctp distance in 
[N 4 P 4 Me 8 H] [CuCls] is 2.04 A [33]) that a question may arise whether it can still be re- 
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Figure 9: Perspective view of hdpctp-CuCl 2 -CH 2 Cl 2 


garded as a coordination bond. The Cu-N-P angles being 107.82(24) and 109.34(23) 
degrees nevertheless indicate that the lone pair orbital on the ring nitrogen (Nctp) is 
directed toward the copper ion, as they are close to the expected value of 90-100 de- 
grees. It is, therefore, concluded that the Nctp is coordinating, albeit, weakly. This 
is reasonable as the P-N bonds flanking the coordination site are lengthened (av. 
1.593(5) A), when compared with the other ‘normal’ P-N bonds (av. 1.573(5) A). 
Apart from being compressed, the coordination geometry has other distortions appar- 
ently originating from the steric constrainst imposed by the ligand. The Npjj— Cu— Np^ 
angle is 160.74(21)°. This restricted bond angle is obviously caused by the limited 
bite of the ligand. This constriction is also observed in other complexes {vide infra). 
The five-membered dielate ring formed by the copper ion, the cyclotriphosphazene ni- 
trogen, the connecting phosphorus and pyrazolyl nitrogen and the p 3 aazolyl pyridinic 
nitrogen imposes a small coordination angle (Table 6). 
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Table 6: Selected (a) bond distances (A) and (b) bond angles in 

hdpctp-CuCla-CHaCb 




(a) 


Cu-Cl(l) 

2.2676(21) 

P(3)-N(2) 

1.575(5) 

Cu-Cl(2) 

2.2429(19) 

P(3)-N(3) 

1.578(5) 

Cu-N(l) 

2.360(5) 



Cu-N(12) 

1.988(5) 

P{l)-N(ll) 

1.693(5) 

Cu-N(32) 

1.974(5) 

P(l)-N(21) 

1.676(5) 

P(l)-N(l) 

1.596(5) 

P(2)-N(31) 

1.690(5) 

P(l)-N(3) 

1.564(5) 

P(2)-N(41) 

1.672(6) 

P(2)-N(l) 

1.589(5) 

P(3)-N(51) 

1.680(6) 

P(2)-N(2) 

1.574(5) 

P(3)-N(61) 

1.679(5) 



(b) 


N(21)-Cu-N(32) 

160.74(21) 

N(l)-P(l)-N(3) 

118.22(24) 

Cl(l)-Cu-Cl(2) 

142.28(10) 

N(l)-P(2)-N(2) 

117.7(3) 

Cl(l)-Cu-N(l) 

108.32(13) 

N(2)-P(3)-N(3) 

117.2(3) 

Cl(2)-Cu-N(l) 

109.40(13) 

P(l)-N(l)-P(2) 

118.4(3) 

N(l)-Cu-N(12) 

81.00(18) 

P(2)-N(2)-P(3) 

122.5(3) 

N(l)-Cu-N(32) 

80.68(19) 

P(3)-N(3)-P(l) 

121.3(3) 

Cl(l)-Cu-(N(12) 

88.85(15) 



Cl(l)-Cu-N(32) 

91.30(16) 

N(ll)-P(l)-N(21) 

101.07(25) 

Cl(2)-Cu-N(12) 

96.53(14) 

N(31)-P(2)-N(41) 

101.4(3) 

Cl(2)-Cu-N(32) 

95.09(16) 

N(51)-P(3)-N(61) 

i 

102.7(3) 


The participation of the cyclotriphosphazene ring nitrogen in coordination to the 
copper ion indubitably affects the structural parameters of the inorganic heterocyclic 
system. The six-membered cyclophosphazene ring adopts a distorted planar con- 
formation with the ring nitrogens N(2) (-b0.130 X) and N(l) (-0.265 A) displaced 
away from the mean plane defined by P(l), P(2), P(3) and N(3). This distortion is 
probably induced by the geometrical requirements around the copper ion. Several 
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structural studies on cyclophosphazene have indisputably shown that either proto- 
nation or coordination of a metal to the ring nitrogen atom increases the P-N bond 
lengths associated with that nitrogen (see for instance: Chapter 2, Section 2.4). This 
feature has been interpreted as due to a nonavailability of the lone pair , of electrons 
on the nitrogen concerned for participation in skeletal 7 r,-bonding thereby resulting 
in a decrease in the 7r-bond character. In the present structure the P-N bonds in the 
P-N(Cu)-P segment are longer (av, 1.593 A) in comparison with other P-N bond 
lengths (av. 1.573 A). These differences are much narrower, however, than those 
observed in many instances. Thus in N 4 P 4 (NHMe) 8 -PtCl 2 where the coordination to 
platinum ion occurs through the antipodal ring nitrogen atoms, the P-N distances 
observed are 1.64 and 1.58 A respectively [34]. Similarly in [N 4 P 4 (Me) 8 H][CuCl 3 ] 
the P-N bonds associated with the coordination site are again longer (1.635 A) [35] 
than observed for hdpctp-CuCl 2 . This clearly indicates that the interaction between 
the cyclotriphosphazene ring nitrogen and the copper ion is weaker as is reflected 
in the Cu-N(l) distance as well. Exocyclic P-N bond distances involving the coor- 
dinating pyraizolyl groups are slightly longer (av. 1.692 A) than those linking the 
non-coordinating pyrazolyl groups (av. 1.667 A). The phosphazene ring bond angles 
are unexceptional. 

The pyrazole rings axe planar with deviations less than t).015(9) A. The bond 
distances and the angles within the pyrazole ring are in the expected range. 

(b) [N 3 P 3 P 250 - 2 CuCl 2 ]- [PzH]+ -CHaCN 

An ORTEP drawing of the structure also showing the atomic numbering scheme 
is displayed in Figure 10. The structure is the first example of a cyclotriphosphazene 
ring functioning as a bridging ligand via two N 3 cores between copper atoms. 

Each copper ion is coordinated by two nongeminal cis pyra.zolyl pyridinic nitrogen 
atoms, one cyclotriphosphazene skeletal nitrogen atom and two chloride ions in a 
compressed trigonal bipyramidal geometry. Selected bond distances and angles are 
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Figure 10: Molecular structure of [N 3 P 3 Pz 50 - 2 CuCl 2 ] [PzH]'*'-CH 3 CN 

given in Table 7. The much distorted Np^-Cu-Npz moiety defines the main axis. 
The equatorial positions are occupied by the two chloride ions and a phosphazene 
ring nitrogen. Thus the local environment around each copper is essentially same 
as that in hdpctp-CuCl 2 - The Cu-Nctp bond lengths (av. 2.342(13) A) are longer 
than the Cu-Npz (av. 1.982(13) A) suggesting a weaker bonding interaction between 
copper and cyclotriphosphazene ring nitrogen atoms. 

The simultaneous coordination to two copper ions causes a severe distortion of 
the cyclotriphosphazene ring conformation with the nitrogens N(2) (-0.373 A) and 
N(l) (-1-0.294 A) displaced from a mean plane defined by P(l), P(2), P(3j and N(3). 
This distortion is larger than that observed for hdpctp-CuCl 2 - The bond length and 
angle variations in the cyclotriphosphazene and pyrazole rings are in keeping with the 
trend expected upon ring nitrogen participation in coordination to transition metals. 
The pyrazole rings are essentially planar with the deviations from the mean planes 
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Table 7: Selected (a) bond distances (^) and (b) bond angles (°) i 
[N3p3Pz50-2CuCl2]- [PzH]+-CH3CN 


(a) 


Cu(l)-N(ll) 

1.978(14) 

P(l)-N(l) 

Cu(l)-N(13) 

1.998(14) 

P(l)-N(3) 

Cu(l)-N(2) 

2.317(12) 

P(2)-N(2) 

Cu(l)-Cl(l) 

2.266(5) 

P(2)-N(2) 

Cu(l)-Cl(2) 

2.287(5) 

P(3)-N(2) 



P(3)-N(3) 

Cu(2)-N(5) 

1.982(13) 


Cu(2)-N(9) 

1.969(13) 

■ P(l)-N(4) 

Cu(2)-N(l) 

2.366(13) 

P(l)-N(6) 

Cu(2)-Cl(3) 

2.259(5) 

P(2)-N(8) 

Cu(2)-Cl(4) 

2.296(5) 

P(2)-N(10) 

P(3)-N(12) 

1.708(13) 

P(3)-0 



(b) 

N(ll)-Cu(l)-N(13) 

159.7(6) 

N(5)-Cu(2)-N(9) 

N(2)-Cu(l)-Cl(l) 

118.1(3) 

N(l)-Cu(2)-Cl(3) 

N(2)-Cu(l)-Cl(2) 

102.5(3) 

N(l)-Cu(2)-Cl(4) 

Cl(l)-Cu(l)-Cl(2) 

139.27(23) 

Cl(3)-Cu(2)-Cl(4) 

Cl(l)-Cu(l)-N(ll) 

88.7(4) 

CI(3)-Cu(2)-N(5) 

Cl(l)-Cu(l)-N(13) 

92.9(4) 

Cl(3)-Cu(2)-N(9) 

Cl(2)-Cu(l)-N(ll) 

94.9(4) 

Cl(4)-Cu(2)-N(5) 

Cl(2)-Cu(l)-N(13) 

97.0(4) 

Cl(4)-Cu(2)-N(9) 

N(2)-Cu(l)-N(ll) 

81.9(5) 

N(l)-Cu(2)-N(5) 

N(2)-Cu(l)-N(13) 

79.5(5) 

N(l)-Cu(2)-N(9) 

N(l)-P(l)-N(3) 

116.6(6) 

N(4)-P(l)-N(6) 

N(l)-P(2)-N(2) 

118.0(6) 

N(8)-P(2)-N(10) 

N(2)-P(3)-N(3) 

110.5(6) 

N(12)-P(3)-0 

P(l)-N(l)-P(2) 

118.3(7) 

P(2)-N(2)-P(3) 

119.9(7) 

P(l)-N(3)-P(3) 

125.1(8) 


1.6014(12) 

1.5222(12) 

1.576(12) 

1.577(12) 

1.630(12) 

1.600(13) 

1.677(14) 

1.672(12) 

1.712(12) 

1.661(13) 

1.505(11) 


160.0(6) 

109.4(3) 

112.4(3) 

138.13(24) 

98.3(4) 

95.5(4) 

89.4(4) 

90.0(4) 

80.2(5) 

81.5(5) 

100 . 0 ( 6 ) 

99.7(6) 

105.5(6) 
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less than 0.23(4) A. 

The interesting aspect of the structure is the unusual cleavage of one of the un- 
coordinated pyrazolyl groups from the parent ligand hdpctp. This leads to the for- 
mation of a rare oxide-containing cyclotriphsphazene along with the liberated pyra- 
zolium cation. The negative charge on oxygen is delocalized into the phosphazene 
ring as is reflected in the relatively short P-0 bond legth (1.505 A) comparable to 
those found in related systems, viz., triphenylphosphine oxide [36] (1.483(3) A), gem- 
N 3 P 3 Ph 2 ( 0 Me) 3 ( 0 H) (1.456(1) A) [37] and gem-N 3 P 3 (NEt 2 ) 2 Cl 3 (OH) (av. 1.47 A) 
[38]. The expulsion of an uncoordinated pyrazolyl group is clearly a steric effect 
facilitated by the presence of trace amount of water. 

4.3.2 Heterobimetallic compounds of hdpctp 

There is a widespread research interest in the synthesis and chemistry of heterobi(or 
poly)metallic compounds [39]. This activity stems from the possibility that the dis- 
parate metal centres present in the same compound could act in concert to afford novel 
chemical properties tunable for certain catalytic applications [40]. There are several 
synthetic strategies to assemble these heterobimetallic structures. Chief among these 
are (a) the use of heterodifunctional ligands such as diphenylphosphinocyclopentadi- 
ene anion [40], R 2 P-CH 2 -P=NSiMe 3 [41], pyridyl phosphines [42], etc. which contain 
distinct coordination sites, therefore, can selectively bind different metallic units, (b) 
the use of preformed metal complexes as ligands. For example, in recent years 1,1- 
bis(diphenylphosphino)ferrocene revealed to be a remarkable simple metal bearing 
ligand for preparing bi- and polymetallic compounds with varying degrees of struc- 
tural complexity [43]. Keeping this in mind we have began to explore the possibility 
of using the mononuclear complexes discussed in the last section as ligands for heter- 
obimetallic hosts. In the mononuclear complexes hdpctp-CuX 2 where X=C1, Br the 
copper is bound to hdpctp via two nongeminal cis pyrazolyl nitrogen atoms and one 
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cyclotriphosphazene skeletal nitrogen. This leaves several vacant coordination sites 
which can be utilized to interact with additional metals. The results obtained are 
presented here. 

Synthesis 

The reactions of the complexes hdpctp-CuX 2 (X=C1, Br) with M(PhCN) 2 Cl 2 (M=Pd 
or Pt) in equimolar ratios in benzene give heterobimetallic compounds with the gen- 
eral formula hdpctp-CuCl 2 ‘MX 2 (M=Pd, Pt and X=C1, Br) in excellent yields as 
their benzene solvates. The palladium derivatives contain a water molecule as well. 
All the bimetallic complexes are readily soluble in common organic solvents such 
as dichloromethane, acetonitrile, benzene (platinum derivatives only), etc. Conduc- 
tivity measurements in acetonitrile suggests that they behave as non-electrolytes, 
indicating that the halide ions are intact in solution as well. The interesting aspect 
of this reaction is the unusual and facile halide exchange betwen copper and the 
heavy metal (Pd or Pt). The evidence for the attachment of bromide to platinum 
or palladium rather than copper in the resulting heterobimetallic is obtained from 
the electronic absorption and EPR spectra and the crystal structure determination 
of [hdpctp-CuCla-PdBral-HjO-CeHe. 

The IR spectra of the compounds are analogous to that of the precursor com- 
plex hdpctp-CuCl 2 , suggesting that the cyclotriphosphazene ring nitrogen is coordi- 
nated to the metal in the heterobimetallics also. The magnetic moments measured in 
dichloromethane solution by using Evan NMR method are in the range 1.81-1.84 BM. 
Although these values are larger than the spin-only value (1.73) for S=l/2, they lie 
in the range of values 1. 8-2.0 generally observed for copper complexes at room 
temperature [11]. The larger values are attributed to a mixing-in of orbital angular 
momentum from excited states via spin-orbit coupling. 

Optical Spectroscopy 

The electronic spectra of the compounds were registered in dichloromethane solution. 
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Table 8: Electronic spectral data for the heterobimetallic complexes of hdpctpt 


compound 


assignment 

hdpctp-CuCl 2 -PtCl 2 

897(0.28) 

350(2.45), 275(15.50) 
237(29.45) 

d-d ; 

Pz — > Cu l.m.c.t. 

TT-TT* intraligand 

hdpctp-CuCl2-PtBr2 

927(0.27) 

350(1.96), 270(13.12) 
236(29.86) 

d-d 

Pz — + Cu l.m.c.t. 

TT-TT* intraligand 

hdpctp-CuCb-PdCb 

913(0.25) 

358(1.93), 280(7.00) 
234(30.76) 

d-d 

Pz — » Cu l.m.c.t. 

TT-TT* intraligand 

hdpctp-CuCl2-PdBr2 

900(0.29) 

358(2.51), 2S0sh(5.13) 
233(28.84) 

d-d 

Pz — »■ Cu l.m.c.t. 

TT-TT* intraligand 


t for dichloromethane solutions, sh = shoulder 
^ units: nm(mol~^ cm“^xlO^) 


Absorption maxima and tentative assignments are reported in Table 8. The high 
absorption maximum at ca. 235 nm is due to ir-n* transitions within the ligand. 
The Pz — >• Cu charge transfer bands were observed for all compounds in the range 
270-370 nm. When compared with the mononuclear precursor complexes (Table 3) 
the heterobimetallics (Table 8) show increased intensity for the band at ca. 275 nm 
indicating that it may posses contributions from Pz — » Pt or Pd charge transfer transi- 
tions. It is exciting to note that the UV-Vis spectral pattern for the heterobimetallics 
closely resembles that of the hdpctp-CuCl 2 rather than the bromo analogoue. No 
band could be identified attributable to the Br Cu l.m.c.t. (Table 8). This reveals 
that in the heterobimetallics derived from hdpctp-CuBr 2 the bromide ions are no 
longer bound to copper. This spontaneous halide exchange reaction between copper 
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Figure .11: F.PH spectra, of hclpctp-CuCllo-MClj [M=Pcl (a) and Pt (b)] in Irozen 
clicbloronietliane solution 

and palladium oi' ]dat.inum can be easily accounted on the basis of HSAB theorj^ or 
Pearsons principk’ [11], 

The d-d transition for the helerobiinetallics is locat('d at rn. 000 nm as a broad 
band and the inleitsity compares well to the starting mononuclear copper complex 
hdpctp-ChiCl 2 (Tables 3 and 8). It appears that the ground state electronic structure 
of the coj^jjcr chromopltorc is unaffected by the introduction ol the additional metal. 
EPR spectroscopy 

The EPH spc'ctra of the heterobimet allic compounds were recorfled at x-band fre- 
quency as ])olycrvstnlline solids and dichloromet hanc' fluid and frozen solutions. The 
spin hatnillonitm |)araniet.ers for t hem are presented in Table 9. At room temperature 
tlic powder sanqdes of ]datinum derivatives show rhombic spectra while the palladium 
analogs exhibit v<'ry broad isotropic spectra with llte g;,„ values around 2.10. The 
observc'd g-paramet<'is for the' platinum coin|)lex<'s in solirl state are remini.scent 


92 






Table 0: Sj)iii hamilioniaii ])araincirr.s oT and (‘ii l^d complexes”. 




conipouncl 


gi 

E-2 

g.i 

All 

g.r '' 


A ■ 

-^150 

G ^ 

hdj)cl |)-Cai( ‘l._,-Pl ( 

(1 

2.013 

2.130 

2.211 


2.138 

- 

— 

4.35 

lidpct i)-Cai( IhrPt Hr -2 

c; 

(1 

2.000 

2.018 

2.292 

2.125 

2.255 

130 

2.159 

2.141 

2.172 

50 

3.34 

3.96 

lKlpct])-Cu(''l2-Pd(42 

(' 

d 

2.078 

2.285 

. 

121 

2.119 

2.108 

2.140 

45 

3.65 

hd]K't |)-( 'u( 'Ij-Pdlbn 

e 

d 

2.088 

2.288 

- 

1 35 

2.157 

2.105 

2.139 

52 

3.27 


e 

2.081 

2.29] 


120 

2.155 

2.101 

55 

3.46 


ior axial. g||=g> and gx=gi, .A values arc in xIO ' cm ’ 

gfs.v and A/.,,-, valiu's are from room lemperal nre isot ropic s|)e.c1ra. 

from [^(g|"jd-2gj_ [^(gfd-go+ga)]’^'^ for axial and rliombic spectra respectively 

from (g||-2.0)/(gi-2.n). for rhombic .spectra g||=(g 24 -g 3)/2 and gx=gi 

])ol ycrystalliiK' powder, loom temperature 

^ clichlorometliane solution, room and liquid nitrogen temperatures 

of the mononuclear copi)er(ll) chloride complex, for which x-ray structure has been 
determined, indicating a distorted N-jCU trigonal bipyramiflal environment 
around co]q)cr. 'The deviant spectra of the palhulium flerivatives in solid state may be 
attributed to the piesc'iice of a water molecule, which probably forms intermolecular 
hydrogen l')onding and bridges cop])cr and palladium atom of adjacent molecules via 
the halide ions. However, in frozen dichloromethane solutioii the spectra, of all the 
derivatiw's nre similar, axial with gy >gi and .Ay ~121-b3r) lO”'' cm~’ suggestive of 
d,, 3 _y 2 ground stale' (l'’igur(' 11). It is assumed that in solution llu' hydrogen Ironding 
forces are no longx'r o])erali\-e. Electron propagation between metal centers by the 
intervening hydrogen bonds are well documented in the literature [-15-47]. It seems 
there exists no electronic transmittance between the metals through the bridging 
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Table 10: Cryslnl dabi Cor lKl])r1.p-(::n(;|,,-P(11b-2-211.20-CV,llf; 


foj'iinil;) 

e:,nll.r2Ni5lb('l2Hr2(kiPd-Cfill6-H20 

fw 

1202.17 

cryslal siz(\ mm 

n..T2 X 0.2.') X 0.2S 

crystal color 

brown 

a, .d 

in..'570(2) 

b, .4 

28.863(1) 

C, /i 

16.000(5) 

0 . deg 

08.71(1) 

V, eV" 

1827(1) 

cell delerniinal ion 


!’(' fleet ions 

25 

20 angk'. deg 

17-20 

clfcalcd). genr'' 

1.65 

space groiii) 

P 21 /c 

z 

4 

linear ahs. eoc'ff., trim"’ 

2.7 

scan teclmi(|ne 

0-20 

scan speed, dc'g min”' 

1-16 

20 range, deg 

1-11 

h, k, 1 range's 

0, 11; 0. .30: -16. 16 

e.xpo.sure lime, h 

75 

sld. refl. indices 

1,1, 6; 2, 7,-5: 3, 6, 3 

drift of stds. /f 

1.1 

absorption range 

0.85-1.0 

rcfls measured 

6275 

unique reflections 

5808 

R. for nic’i'ge 

0.02 

dat a wit Ii 1> 1<7( 1) 

3305 

paramc'ters relinc'd 

360 

GOF 

2.01 

R(F'), R.„.(l'') 

0.073. 0.12 

largest A/(T 

0.01 

Final diff ina]). e/t”'' 

-1.4(2), +1.7(2) 


ride ions and a cyelol riplios|)liaz<'ne ring niirogen N(| ]) in tli(' equatorial plane. The 



Table 11: Sf'lcrlf'fl iiil('ral()iiiir flistanros (a) arul l)onfl angles (b) in 


•tai 




(a) 


(’u-(;i(]) 

2.312(5) 

P(l)-N(13) 

1.554(15) 

C'u Cl('i) 

2.319(5) 

P(])-N(15) 

1.552(15) 

('ll .\'(6) 

1.997(16) 

P(2) N(13) 

1.591(16)) 

Cn .\’(12) 

2.003(16) 

P(2)-N(ll) 

1.585(16)) 

(.bi-.N(M) 

2.362(15) 

P(3)-.5:(M) 

1.586(15) 

Pd-N(l) 

2.073(M) 

P(3)-N(15) 

1.5.58(15) 

Pd -\’(7) 

2.033(11) 

mean dislanee; 


IM ]b'(l) 

2.386(3)) 

P- N,x,v 

1.679(16) 

Pd Pr(2) 

2.366(3)) 


- 

Pd P(l) 

3.171(.5)) 




(b)' 


C](l)-(5i.Cl(2) 

1-13.21(21) 

N(13)- P(l)-N(15) 

117.7(8) 

Cl(l)-C'n-N(M) 

111.0(1) 

N(13)-P(2)-N(11) 

117.2(8) 

CI(2)-CuN(ll) 

105.7(-1) 

N(11) P(3) .N(1.5) 

111.6(8) 

N(6)- Cii-N(12) 

159.3(6) 

P(l) N(13)-P(2) 

120.2(10) 

N(6) C'n C'Kl) 

9.5.2(5) 

P(2) N(ll)- P(3) 

120.3(9) 

N(6)-(’u(:i(2) 

92.1(5) 

P(l) .N(l5) -P(3) 

121.1(9) 

.N(12) ('ll •('1(1) 

96.7(5) 

N(2)-P(l) X(8) 

100.8(8) 

.\'(12)-('m('l(2) 

88.5(5) 

N(1)-P(2)-N(5) 

101.7(8) 

N(M)-('u-K(6) 

80.3(6) 

N(10)-P(3)-N(]l) 

101.1(8) 

N(M)-(.u^N(12) 

79.6(6) 



N(l)-Pd .\(7) 

86.6(6) 

Hr(l) Pd P(l) 

122.92(13) 

N(1 ) Pd Br(l) 

92.5(.1) 

Br(2) Pd-P(l) 

120.72(13) 

N(7)-Pd-Pr(2) 

91.3(1) 

P(l) Pd N(l) 

.5.5.5(4) 

]3r(l) Pd Pr(2) 

89..57(12) 

P(l) Pd N(7) 

.56.0(1 ) 

Br(l)- Pd N(7) 

178.9(1) 

Br(2) Pd .\’(1) 

176.1(1) 


two nongomina] cis-pyrazolyl nil rogens veside at I lie axial positions. The geometry 
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arouiul palladium is (>kscii1 ially square planar as would ho ('xpoclod based on earlier 
lilc'i alui'o pK-codc'iil . 1 wo gi'iniiial pyrazolyl nil rof>;oii atoms ooriipy the cis-positions 
will) tln'ir trails positions filled by two bromide ions. Additionally there exists a 
weak internet ion between palladinm and P(l). The Pd- P(l) distance is 3.174(5) A 
which is le.ss than the sum of the \'an dor Waals radii of them (3.15 A). The halide 
cxcliange lielwtx'ii eop|n'r and ])alladinm or ])lalinnm estimated by IlV-Vis and EPR 
spectra is nnequivoeally confirmed by tins structure as the bromide ions are bound to 
palladium. .Moreov('i% a water niolcmlc bridges the copper and palladium of adjacent 
molecules ria halogens by hydrogen bonding, thus leading to a chain-like hydrogen 
bonded polymer. 'The relevant coordination flistances. bond angles and hydrogen 
l)ond flistanc('> are gi\'{'n in 'lalile II. 


(hi .N'/-: bond lengths are norma! and agn'e well with the data for hdpctp-CuClj. 
The Chi .Ny-r/' boinl <listance is longer and similar to that in hdpctp-CuClj. The 
Cu-Cn bond h'ligths are appreciably longer (av. 2.315(5) A) and significantly differ 
from t he Chi- Cl flislance observed for hdpctp-CuC32. The average Pd-N bond length 
(2.053( J 1 ) A ) is t ypical for organic het.erocyclic bases [IS]. Pd-Br distances are shorter 
(av. 2.3Tfi(3) .■!) tlian tho.se foninl in tetrabromo palladate anions [-If)] and related 
coniponnds [.50]. I'or instance, in the complex {Pd(lno) 2 Br 2 ] (where Ino = Inosine, a 
purine inicl('oside) the average Pd -Br distance is 2.4.30(1) [50]. The shorter Pd-Br 

bond lengt h may ix'riect an increa.sed covalent, character. Angles around the palladium 
atom vary from the idealized 90 ° by ± 3 The geometry is tctrahcdrally distorted, 
with the Bi( 1 ) and N(7) atoms placed on one side and the Br(2) and N(l) atoms 



phux'd on the olln'r side of the average coordination plane. 

1 j{' . fit,-. . . . " ■ . , • ^ 

■ There exists twf^ kinds of P-N hond.s. The P -N bonds flanking the coordination 

.1,1, n' , I A ’‘i't 1, Ity). Is iisH'I'.i ' -4 . ■ ' tr ■- 

site N(1 1) and P(2)-.N’(13) are longer (av. 1.5?^7(lfi) .4) than the remaining P-N bonds 

a distorted planar conforma- 

.*‘1^8... A'Js'ii'A/*/.! /'V ltd'.!-'.’' 1 _ a' 


(av. ]'..555(I5 
tion M’ilh the 



siginncaiill.v out of tlio piano dofinod by 1>(1). P(2). P(d) and N(15). The other bond 
dislanoos and anglc-s wilhin 11 k' <\\'clof ri))lios))haz('no and |)yra/,olyl nioiet.ics show 
usual \ai iations (-xix'clc'd upon ooordinal ion by metal and ar(' nnoxccptiona.]. 

II is to b(' noted that ihis is the first examiile of a helerol)imcta]]ic derivative 
obtaineil by ('.xploiling the e.oordination eapability of a eyelotriphosphazene derived 
ligand. Pis'vionsly lieteiolnmetallie derivatives liave been reported to form from the 
interaction ol mc'tal rail)onyl anions with lialogenoeyelot ripliosphazenes [51-53]. 

4.3.3 Redox properties of the complexes of hdpctp 

I'lierc' an' no earlier rc'port s of elect roehemieal st udies on any eyelophospha.zene metal 
comple.xc's excc'pt certain ferrocene-substituted derivatives [51]. In view of the inter- 
c.sl in tlie redox chemistry of copi)er complexes containing pyrazolyl or imidazoljd 
residues [55], we have* carried out a cyclic voltammelric investigation on the present 
compounds. The cyclic volt ammograms recorded for the complexes hdpctp-CuX 2 
(.X=('l. Hr) and lidpct p-2('nX-2 (.X=CT Hr) are shown in I'igun' 13. Table 12 summa- 
rizes the c'lc'ct roehemieal parameters. Analysis of the cyclic voltammetric responses 
for mononuelc-ar eonp^lexcs lid|)ctp-CuX 2 (X=CI and Rr) with .scan rates varying 
from 0.02 to 51.2 V s~’ showr-d a simple (|uasi-reversibile one-electron charge trans- 
fer foi- the ('u(ll)/(!n(l) couple which is located at a relatively positive potential, 
0.20 and 0.50 \' rc'sjic'ct.ively in dichloromethane; tlu' anodic to cathodic peak cur- 
rent. I'alio i,,„/i,-,, is (onstantly ('fpial to oiu'. FIk' ratio betw('<'n the cathodic peak 
current and tlie scpiare root of the scan rate i,v/V’''' is practically constant. The 
differenci' between the potential of the anodic peak and that of the cathodic peak 
AEp graduall,\’ increases. However, the corresponding process in the dinuclear com- 
plexes hdpet p-2('u.X2 (.X=('l. Rr) is indicative of a simultaneous two-electron trans- 
fei- [(('u(ll) ('n(ll))— --‘(f '>i(l)(’u(l))] and doc's not piocc'od liy a stepwise process, 
[(Cu(ll) (’u(lt)) -:-T^ ((hi(lt)('u(l)) ((hifRCufl))]. The (piasi reversibility of this 



Table 12: ( yclic x'oli nininc'l ric dnln for l lie nionoiinc'lc'ar aiul lioniodinnrloar copper 
col ii|)l(‘XC's ()( lidpci |)^ 


compound 

solvent 

E(Cu(ii)/Cu 

(0) 

E(Cu(i)/Cu(0)) 

lKl]rctp-( 'uC'l.j 

X 

CII2CI2 

-fO.201 

160 

-1.240 

hdjrct ])-CuHr.] 

CII2CI2 

+0.501 

F2'l 

-1.340 


DMF 

+0.135 

130 

-1.4.56 

hdpet p'2( 'n( '1, 

('II 2 OI 2 

+0.10.5 

221 

-1.290 


DMF 

+ 0.151 

1.58 

-0.760 

hd|)ct i)-2( 'll Hi\> 

Oll.CIi 

+ 0.500 

1 03 

-1.2S0 

hdpet |v( ri(( '10 1 )_ 

.•• 2 II 2 O Oll.Clo 

+ 0.630 

220 

-0..5S0 


DMF 

+0.381 

120 

-0.732 

hdi)ctp-('ai((‘IO,|);: 

.•bipy C'lhjCF 

+0.2-)2 

1.50 

-0.970 

JL 

* i:)ol cMit ial valiios 

aro cinotcd vs Ag/.‘\g(‘l roforciicc 

elect rode and 


AVjp N'ahu's lor ITJO iriV s ^ scan rate 

(■u(lll)/( ■ii(ll) coiiplc's at +0.153, +1.125 and +0.727 rospc'ctivoly 

electrode process is probably due to tlic stereochemical changes accompanying the 
Cu(ll)/Gu(]) redox slej) from a trigonal bipyramidal lo a distorted tetrahedral ge- 
ometry [bfi]. Since the highest Chi(ll)/Cn(l) potentials are in principle expected for 
the re\’ersible I c'traliedral ('n(ll)/letrahedral (’ 11 ( 1 ) rc'dox change it is likcl}' that both 
the non planar gc'oinetries of the Cn(ll)/(ai(l) couple and the electronic effects of the 
phosj)hazene ring ad in concc'rt to produce the notaldv positive location of the re- 
dox potentials of tlu'se cornph'xes. The second cathodic step. (‘u(l)-Cii(0), proceeds 
always in an inx'vcu sible manner, because ol t lu' ext reme lability of t he? coppcr(O) com- 
plex. Tliis is confirmed by the appearance of a strong charactersitic stripping peak 
due to Uk' rc'oxidation of elect rodeposited cop]K'r metal to free copper ion during 
positive scan start.ing from high potentials. .Nonplanar geometry around copper(ll) 
ion inhiluts accessibility to a planar co|)per(ni) assembly. Tht' redox behavior of 
mononuclear copper(ll) hali<le complexes can be schematized as follows: 
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Figure 13: Cyclic voKaminograms of (a)lKlpcl])-CuCl 2 in 0112012 (b) and (c) 
hclpc.lp-CuBr 2 in CII 2 CI 2 and DMF rcspcciively and (d) hdpclp-2CuCl2 in DMF 


[CiF^^(lK]pctp)]*''' 

slow 


decomposition 

products 


-f-e -f-e 

^ [CiF^(hdpctp)p+ ^ [On 

-e -e 


Cu+ ^ Cu“ 


(hdpctp)]+ 

+e 

4 - hdpctp 


For dinuch'ar < ()in|)l('X('s the valid redox equation is: 





[Cii^^Cu'^(l)(lpctp)] '+ 


+2e 


[Cu'Cu^(hdpctp)]2+ 


-2g 


Cu"^ 2Cu'’ + hdpctp 

J li(' c()|)]^cr li<\li(l(! coinplcxcs oxhil)il. similar rodox pat lorn in clichloromethane and 
dimethyl lornumiidc' solutions. However, in more redneing solvent such as acetonitrile 
the redox l)eha\ ior is ('iitirely dillerenl. The cyclic volt ammograms recorded in ace- 
tonitiile is dis[)la\('d. in l^hgiiif' l l and the data provided in Table 13. They undergo 
ii'rew'isibily. bnl si ('pwisely the lollowing eh'cl ron-t ranshu' seqinuiee; 


[Cu''(h(lpctp)]- + 


+e 

>- [Cu^(hdpctp)]‘'' 

(A) 


+e 

»- [Cu‘^(hdpctp)] 

(B) I 


fast 


Cu-+ Cu+ Cu" + hdpctp 

(E) (D) 


In tills connection, it seems useful to ])oinl out that the two consecutive redox 
changes .A. B shown Figure Me which apparcuitly look like reversibile Cu(ll)/Cu(l)/ 
Cu(0) electjon-t ransfers. because of the respon.ses I). F in the reverse scan, indeed 
provi'd to Ik- iris'versiblc'. in that: (i) the reoxidation ])eak F. is lacking when the 
potential scan is |•('\■ersed just after traversing jienk .A: (ii) as shown in the relevant 
imset, at low scan rate.s pc'ak D reveals to be an anodic slri]rping peak. 

All the lielerodi metal complexes here ])re.sented display, in acetonitrile solution, 
irrevesible red net ion of t lie two metal(ll) cent res. The first cathodic process A/B (Fig- 
ure l la). which consumes two electrons per moleeule in controlled potential coulom- 
etry (E,,- = -0.7 \A; in the ca.si* of platinum complexes lidprtp-(hi(tl 2 -PtX 2 (X=C1, 
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Figure 1 1 : Cyclic \'oll.aniiiiograni of (a) hd|')ctp-CuCl2-Fl Cl2' (h) hclpct,p*CuCl2'PdCl2 
(c) iKlpcIp-CiiClj ill a colon it rile ai 200 mV inset for 50 mV s'’ scan 
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Figure 15: Cy clic, voltammograins (a) and difrerential pulse voKammograms (b) 
(10 niV s“') of !idpc(p-Cu(Cl0,i}2-2H20 in DAIF (top) [Key: (i) 100 (ii) 50 (iii) 
20 (iv) 10 (v) ■') niV s~’] and lK!pctp-Cu(CIO,,) 2 -l)ipy in (’Ilifl-i (bottom) [Key: (i) 
500 (ii) -200 (iii) 100 (iv) 50 mV' s-’l 


im 








Table 13: Peak potential values (in V, vs SCE) for the reduction steps of 
heterobimetallic complexes in acetonitrile 


compound E“ * 

Cu(]l)/Cu(0) ” Pt(ll)/Pt(0) or 
Pd(ll)/Pd(0) 

hdpctp-CuCb-PtClj -0.55 -1.53 

hdpctp-CuCl 2 -PtBr 2 -0.55 -1.50 

hdpctp-CuCl2'PdCl2 -0.15 -1.13 

hdpctp-CuCl 2 -PdBr 2 -0.10 -0.96 


hdpctp-CuCb -0.25 ^ -0.52 ^ 

hdpctp-CuBr 2 -0.20 ^ -0.45 ^ 

* measured at 200 mV s~^ scan rate 
^ Cu(ll)/Cu(l) step 
^ Cu(l)/Cu(0) step 


Br) the anodic stripping profile typical of many copper complexes [57]. This allows 
us to think the first redox process as centred on the copper fragment. The second ; 
cathodic step C (Figure 14a.), which is assigned to the reduction of platinum or 
palladium centre, also involves the consumption of two electrons per molecule in f 

controlled potential coulometry (Eu, = -1.6 V). In this picture, one must conclude I 

that the presence of the second metal centre, further increasing the stereochemical 
rigidity of the molecular backbone, hinders at all the redox flexibility required for j 

the access to the geometries typical of the Cu(l) (tetrahedral) and Pt(l) (square | 

planar) congeners, thus compelling the two metal centres to undergo simultaneous ; 
two-electron decomposing additions. Table 13 summarizes the redox potential of the i 
heterobimetallic complexes. In spite of the irreversibility of the electron transfers, it 

I' 

seems that, as expected, the palladiiim complexation bears a markedly lower electron 
density than the platinum complexation docs. 


m 



The copper perchlorate complexes hdpctp-Cn(C 104 )rL (L= 2 H 20 or bipy) exhibit 
a quasi-i'eversible Cu(ll)/Cii(l) redox couple in various solvents. The data are included 
in Table 12 . Illustrative cyclic voltammograms and differential pulse voltammograms 
are displayed in Figure 15. Replacement of aquo ligands by bipyridine shifts the 
potential to the negative side. This is attributed to the electron rich bipyridine which 
hinders the addition of electron to the copper. 

4.4 Coordination Compounds of the Ligand 2,2-di- 
phenyl-4,4,6,6-tetrachloro(3,5-dimethyl-l- 
pyrazolyl)cyclotriphosphazene (tdpctp) 

4.4.1 General 

The ligand tdpctp consists of two pyrazolyl groups less than that in hdpetp. Re- 
duction of number of pyrazolyl groups should significantly affect the coordination 
response of tdpctp as it can now bind only one metal as a N 3 donor in its nongeminal 
interaction mode. However, in favorable circumstances a bis(bidenta.te) chelation via 
geminal Na is possible. If a cyclotriphosphazene nitrogen also participates in ligation 
along with two geminal pyrazolyl nitrogens the ligand might be viable to coordinate 
additional metal, "with a novel N 3 fashion. It seems that this possibility is very un- 
likely on the basis of the prevailing structural evidences (Section 4.3), which points 
severe steric constraints because of methjd substituents on pyrazolyl ring. 

As expected tdpctp yields selectively a variety of mononuclear coordination com- 
pounds with copper, cobalt and nickel salts. Interestingly, the nickel complexes are 
stable and soluble in common solvents, thus, allowing spectroscopic and other studies 
on them. In Table 14 a summary of all complexes together with their physical charac- 
teristics is given. The IR spectra, of the metal complexes suggest the participation of 
pyrazolyl and cyclotriphosphazene ring nitrogens in coordination. In the complexes 
containing perchlora.ic counter cations, it is proposed on the basis of IR and 



Table 14: Colors, Nature, conductivity and magnetic moment data of the complexes 
with tlie ligand tdpctp 


compound 

color 

nature 

Am* 


tdpctp-CuCb 

green 

crystalline 

8 

1.76 

tdpctp-CuBr 2 

dark yellow 

crystalline 

20 

1.71 

tdpctp-Cu(C 104 ) 2 - 2 Il 20 

blue 

crystalline 

240 

1.79 

tdpctp-Cu(C 104 ) 2 - 2 py 

blue 

crystalline 

235 

1.84 

tdpctp-Cu(C 104 ) 2 - 2 ImH 

blue 

crystalline 

250 

1.82 

tdpctp-Cu(C 104 ) 2 -bipy 

blue 

crystalline 

265 

1.88 

tdpctp-Cu(C 104 ) 2 -phen 

blue 

crystalline 

272 

1.90 

tdpctp-NiCl 2 

maroon 

crystalline^ 

40 

0.78 

tdpctp-NiBr 2 

pink 

crystalline 

79 

1.80 

tdpctp-CoCl 2 

roA'^al blue 

crystalline 

13 

4.65 


* units; mho cra^ mol ^ 

t turns green slowly on exposure to moist air over a week 

conductivitj^ data that perchlorate ions reside outside the coordination sphere. But 
for exception in tdpctp-Cu(C 10 ^) 2 - 2 H 20 it is inferred from IR that it contains an 
unidentate perchlorate ion and two water molecules. The magnetic moment values 
for copper complexes lie in the usual range. The magnetic moment of the cobalt 
complex tdpctp-CoCl 2 is 4.65 BM, indicating a high spin configuration for the trigonal 
bipyramidaJ as well as tetrahedral species present in solution (see below). The value is 
larger than the spin-only value (3.87) for S=3/2 and falls approximately in the middle j 
of the /^e// values observed for trigonal bipyramidal (4.26-5.03) and tetrahedral (3.98- 
4.82) cobalt(ll) complexes [58]. 

4,4.2 Optical absorption spectra 

The ligand tdpctp itself exhibitsTwo bands at 235 and 267 nm. The low energy, less j 
intense (Table 15) band at 267 nm, with vibrational fine structure, is believed to be 
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Table 15: Optical absorption data, for tdpctp complexes 


Compound 

solvent 

^mnx (^mox)^ 

assignments 

tdpctp-CiiCb 

CII 2 CI 2 

931(0.21) 

d-d 



359(1.24), 279sh(3.22) 

Pz —*■ Cu l.m.c.t 



259(4.59), 241(12.32) 

TT-TT* (intraligand) 


CII 3 CN 

961(0.27) 

d-d 



460(0.18) 

d-d? 



353(1.40), 2S5sh(3.67) 

Pz — » Cu l.m.c.t. 



267(5.02), 224(13.78) 

TT-TT* (intraligand) 

tdpctp-CuBr 2 

0112012 

926(0.36) 

d-d 



413(1.05) 

Br Cu l.m.c.t 



.360(1.25), .304(2.92) 

Pz — ^ Cu l.m.c.t 



273(2.76), 240(11.85) 

TT-TT* (intraligand) 


OH 3 ON 

948(0.41) 

d-d 



414(2.04) 

Br — » Cu l.m.c.t. 



365sh(1.89), 304(3.42) 

Pz — > Cu l.m.c.t. 



267(4.01), 223(15.14) 

7T-7T* (intraiigand) 

tdpctp-NiCb 

OII 2 OI 2 

836(0.05) 

d-d 



460(0.16) 

d-d 



295(1.37) 

Pz — » Ni l.m.c.t 



267(3.30), 235(21.67) 

TT-TT* (intraiigand) 

tdpctp-NiBr 2 

OII 2 OI 2 

810(0.07) 

d-d 



465(0.26) 

d-d 



335(1.25) 

Br — » Ni l.m.c.t 



274(4.28), 235(21.26) 

TT-TT* (intraiigand) 

tdpctp-CoCb 

OII 2 OI 2 

922(0.03) 

d-d 



632sh(0.05), 585(0.06) 

d-d 



.53Ssh(0.06) 

d-d 



265(4..50), 235(21.29) 

TT-TT* (intraiigand) 

tdpctp-Cii ( 0104 ) 2-21120 

OII 2 OI 2 

764(0.13) 

d-d 

** 


364(1.56), 265(2.60) 

Pz Cu l.m.c.t 



236(24.00) 

TT-TT* (intraiigand) 




(continued ....) 
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Table 15: Continued ... 


compound 

solvent 

tdpctp-Cu(C10.,)2-2Il20 

CII 3 CN 

tdpctp-Cu(CIO.i) 2 - 2 py 

CH 2 CI 2 


CITaCN 

tdpctp-Cu(C10,i)2-21mII 

CII 2 CI 2 


CH 3 CN 

tdpctp-Cu(C10.j)2-bipy 

Cn2Cl2 


CII 3 CN 

tdpctp-Cu(C 104 ) 2 -plien CII 2 CI 2 

CH 3 GN 


t sh=shoulder; units; nm (mol ^ cm 


^max (^7na.r) 

assignment 

76^(0.12) 

d-d , 

360(1.32), 267(2.45) 

Pz — + Cu l.m.c.t. 

226(24.50) 

TT-TT* (intraligand) 

657(0.10), 775sh 

d-d 

355(1.40), 260(2.70) 

Pz Cu l.m.c.t 

236(22.00) 

x-TT* (intraligand) 

678(0.10), 830sh 

d-d 

358(1.43), 263(2.68) 

Pz — + Cu l.m.c.t. 

225(21.60) 

x-x* (intraligand) 

637(0.10), 830sh 

d-d 

360(1.70), 260(2.80) 

Pz — » Cu l.m.c.t 

234(28.00) 

x-x* (intraligand) 

634(0.10), SlOsh 

d-d 

361(1.68), 263(2.95) 

Pz — » Cu l.m.c.t. 

227(28.80) 

x-x* (intraligand) 

688(0.08), 598(0.08) 

d-d 

365(7.50) 

bipy Cu l.m.c.t 

31 Osh, 260sh 

Pz — + Cu l.m.c.t 

237(38.00) 

x-x* (intraligand) 

680(0.08), 598(0.08) 

d-d 

370(8.20) 

bipy —* Cu l.m.c.t 

312sh, 259(3.02) 

Pz — > Cu l.m.c.t. 

228(38.80) 

x-x* (intraligand) 

685(0.06), 592(0.06) 

d-d 

370(4.50) 

phen — + Cu l.m.c.t 

300sh, 278sh 

Pz Cu l.m.c.t 

2.36 (. 34 . 00) 

x-x* (intraligand) 

676(0.06), 580(0.06) 

d-d 

372(5.45) 

phen — » Cu l.m.c.t 

305sh, 280(10.22) 

Pz Cu l.m.c.t. 

226(32.40) 

x-x* (intraligand) 


arising from the phcnj'l substituents. The intensity of this band increases on com- 
plexation, sometimes the fine structure collapses, suggesting contribution from the 



Pz — ^ Metal l.m.c.t. Consistent with earlier observations another low energy band is 
also observed ai.'3G0 nm for the copper comi^lexes which is assigned to Pz — > Cu l.m.c.t. 
with confidence. The complete data are collected in Table 15, from which it is evident 
that the copper(ll) halide complexes show veiy similar absorption maxima as that of 
analogous hdpctp complexes. While changing the solvent from dichloromethane to 
acetonitrile the d-d band is shifted 20-30 nm to low energy. This indicates that in ace- 
tonitrile the metal experiences weak ligand field possibly arising from the dissociation 
of halide ions. 

The copper perchlorate complexes form an interesting class of compounds with 
unique trends. In the series of tdpctp-Cu(C104)2-L, where L=2H20, 2py, 2ImH, bipy 
or phen the intensity of the band at c.n. 260 and 360 nm increases steeply as the aquo 
ligand is replaced by the nitrogen heterocyclic ligands. The maximum increase in 
intensity is noticed for the 1,10-phenant.hroline adduct, indicating the additional con- 
tribution from the N(L) —>■ Cu l.m.c.t. The complexes tdpctp-Cu(C104)2-L (L=2H20, 
2py, 2ImII) exhibit a rather broad absorption band with a. low energy shoulder typ- 
ical of tetragonal complexes [11], while the 2,2'-bipyridine and 1,10-phenanthroline 
adducts show two overlapping bands of comparable intensitj' (Figure 16). Utilizing 
the energ}'^ ranges covered by the d-d transitions of CuN.i-Ne chromophores of diflPer- 
ent stereochemistries, it is reasonable to conclude that in the present case the CuNs 
chromophore containing complexes tdpctp-Cu(C104)2-L (L=2py, 2ImH, bipy, phen) 
fall in the class of distorted square pyramidal, the distortion being towards a tetrahe- 
dral arrangement of eciuatorial ligands [59]. There is an apparent trend in the spectral 
properties of the compounds tdpctp-Cu(C10,.,)2-b (L=2Il20, 2py, 2ImH, bipy, phen) 
related to the ligand field strength of the exogenous ligands. As the aquo ligands 
are substituted with nitrogencous bases, the ab.sorption maximum (d-d) of the com- 
plexes shift progressively to higher energies. I'or instance, tdpctp-Cu(C104)2'2H20 in 
dichloromethane solution shows the absorption maximum centered at 764 nm while 


109 




Figure 16: Ligand field spectra of the complexes tdpctp-Cu(C104)2-L (L=2H20 (a), 
2py (b), 2ImH (c), bipy (d), phen (e) 

tdpctp-Cu(C104)2-2ImH gives a band at 637 nm with the lower energy shoulder lo- 
catable at 830 nm. The data in Table 15 suggests, therefore, that the ligand field 
strength of the exogenous ligands increase in the order H20<py<ImH<bipy~phen. 
Theories on the intensitj^ of the ligand field absorption bands predict that the inten- 
sit}'' of the d-d transition increases as the symmetry of the ligand field decreases, since 
the d-d transitions become allowed as electronic dipole transitions [21]. A closer in- 
spection of Table 15 reveals that the intensities of the complexes decreases on moving 
from tdpctp-Cu(C104)2-2H20 down to tdpctp-Cu(G104)2-phen. This is in accordance 
with the increased tel,rahedral distortion observed by x-ray crystallographic studies 
on complexes tdpctp-Cu(C104)2-L (L=21l20 and 21mH) {vide infra) 

The d-d spectra of the nickel and cobalt complexes are displayed in Figure 17. The 
nickel complexes exhibit two prominent d- d transitions in the region 400-850 nm and 
the band at cn. 460 nm shows a shoulder at the low energy side. On the basis of this 
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Figure 17: Electronic spectra of the complexes tdpctp-MX 2 : M=Ni (X^-Cl (a), Br 
(b)) and Go (X=C1 (c)) 

anamolous spectral pattern we propose that in solution both a diamagnetic four co- 
ordinate [Ni(tdpctp)X]''' (X=C1, Br) and a paramagnetic five coordinate tdpctp-NiX 2 
are present. This is in agreement with the high molar conductances and low mag- 
netic moments observed for these complexes. Since the position and intensities of the 
principal d-d bands are not compatible with octahedral or tetrahedral coordination 
for Ni(n) [60], the combined spectral, magnetic and conductance data strongly sup- 
port the assignment of five coordinate structure to the paramagnetic species. Similar 
behavior has been reported for the complex Ni{Et,idien)Cl 2 [61]. The behavior of 
tdpctp-NiX 2 in solution can thus be summarized bj' the equation: 

[tdpctp-NhXi] « [Xh(ldpctp)Xr + X- (X = Cl, Br) (2) 

five coordinate four coordinate . 

high-spin low-spin 
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Figure 18: Absoption spectral clianges on addition of Et4N’Cl to tdpctp-NiClj in 
dichloromethane solution 

Consistent with Equation 1 addition of Et..|NX (X=CI, Br) to dich]orometha.ne solu- 
tion of tdpctp-NiXj (X=C1, Br) markedly decreases the intensities of the bands at 
ca. 820 and 460 nm and gives raise to new bands at ca. 650 and 710 nm reminiscent 
of five cooridnate species (Figure 18). 

Similarly, the clectonic spectra of cobalt complex reveals that there exist a. equilib- 
rium between the five coordinate trigonal bipyramidal and four coordinate tetrahedral 
structures. Addition of Et.iNCl docs not affect the spectra; however, addition of PPha 
appreciably changes the band posit ions and intensities suggesting that the tetrahedral 
species may contain a neutral NjCb donor environment rather than a ionic structure 
[CoNaCl]'^ in contrast to the nickel derivatives. This is also consistent with the ob- 
served low conductance value and the imaginable steric crowding at the metal centre 
with N3CI2 donor set (five coordinate to six coordinate interchange in the presence 

of triphenjd phosphine is highK' improbable). 






FigxirelO: Polycrystalline EPR spectra of tc]pctp-CuX 2 : X=C1 (a) and X=Br [ex- 
perimental (b) and sianulatcd (c)] 

4.4.4 EPR spectroscopy 

A cietailed investigation on tlie EPR spectral properties of tlie copper complexes of 
tdpetp has been carried ont. Hie EPR. spectra of the copper(ll) halide ocmplexes 
tdpctp-CuX 2 (X=C1, Rr) exhibit a rhombic pattern in the solid state. The relevant 
parameters derived from the computer simulat ion of the spectra are given in Table 16, 
dong with those of related complexes. The theoretical and experimental spectra are l 
<lisplaye(l in Figure 19. From tliese it is evident that the geometry is considerably I 
distoxted from the regular trigonal bipyramid. The large anisotropy of the two lower 
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Table 16: EPR ]iaran)c(,crs of tlic copper lialide complexes of tclpctp and related 
ligands" 


compound 

gi 

g2 

g3 

gnx< ^ 

ref 

tdpctp-CuCl 2 

2.018 

2.124 

2.290 

2.147 

This work 

tdpctp-CuBr 2 

2.007 

2.M6 

2.238 

2.132 

This work 

terpy-CuCE 

2.070 

2.1.35 

2.188 

2.132 

24 

terpy-CuBr 2 

2.0.32 

2.126 

2.239 

2.134 

25 

terpy-CuE 

2.066 

2.110 

2.206 

2.128 

24 

CuCl2(dmlm)3 

2.060 

2.160 

2.210 

2.144 

23 

" for polycrystalline powder 

samples at room 

temperature 



^ gav — [5(gl ^ + g2 ^ + g3 


g-values (gi and gs) for tdpctp-CuBrj compared to tdpctp-CuCl 2 would indicate a 
geometry rather intermediate between a sf|uare pyramid and a trigonal bipyrami- 
dal for the CuN 3 Br 2 polyhedron. Similar conclusions have earlier been derived for 
terp 3 '^-CuBr 2 on the basis of EPR parameters [25]. However, in tdpctp-CuCl 2 the cop- 
per exists in a dist orted t rigonal bipyramidal geometry as identified by single crystal 
x-ray crystallography {vide hifrn). 

The x-band EPR spectra of the powdered and solution samples of copper per- 
chlorate complexes tdpctp-Cu(C 104 ) 2 -EL (EL= 21 l 20 , 2py, 21mH, bipy, phen) have 
been examined both at room tem])crat.urc and liquid nitrogen temperatures. The 
spin hamiltonian parameters of them are compiled in Table 17. Representative EPR 
spectra are displayed in Figures 20 and 21. In general, the EPR spectra, reveal the 
presence of a distorted tetragonal copper environment, in the complexes with a dj; 2 _j ,2 
ground state [11]. They are characterized by g|j >gx and Ay >120x10 cm An 
examination of the g|| and Aj| values for tlic complex tdpctp"Cu(C 10 ,i) 2 ' 2 H 20 indi- 
cates that it possesses the highest value of gy and lowest Ay value in the series. This 
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Table 17: EPR s]:)in luimillonian parameters for tflprtp-Cn(C]0,i)2-EL “ 


EL 


g|| 

gi 

All 

giSf- 

A • 

^ tso 

g»v ** 

G-value 

SllMlI 










cm ^ 

2 II 2 O 

c 

2..35S 

2.078 

131 

2.171 



2.175 

1.711 

181 


cl 

2.35'1 

2.073 

1-3-5 

2.166 

— 

2.171 

5.000 

174 


c 

2.305 

2.069 

119 

2.166 

56 

2.151 

4.512 

154 


f 

2.365 

2.072 

121 

2.127 

56 

2.171 

5.213 

195 

2py 

c 

2.267 

2.078 

11-5 

2.111 

— 

2.113 

3.182 

157 


d 

2.277 

2.072 

115 

2.110 

— 

2.112 

3.910 

158 


e 

2.269 

2.066 

151 

2.1-53 

62 

2.13-5 

1.217 

147 


f 

2.251 

2.069 

1-59 

2.1-53 

56 

2.132 

3.783 

142 

21 ml I 

c 

2.260 

2.053 

1-59 

2.122 

— 

2.121 

5.070 

143 


d 

2.256 

2.015 

163 

2.116 

— 

2.118 

5.898 

138 


e 

2.265 

2.062 

11-5 

2.1-51 

65 

2.132 

1.376 

157 


f 

2.265 

2.066 

11-5 

2.1-52 

61 

2.131 

4.156 

157 

bipy 

c 

2.252 

2.060 

168 

2.121 

— 

2.126 

4.319 

1-34 


d 

2.2-15 

2.0-55 

168 

2.119 

— 

2.121 

4.-579 

134 


e 

2.231 

2.0-50 

168 

2.110 

79 

2.113 

4.904 

133 


f 

2.237 

2.012 

170 

2.139 

79 

2.109 

5.887 

132 

phen 

c 

2.256 

2.0-56 

163 

2.123 

— 

2.125 

4.705 

138 


d 

2.2-15 

2.0-55 

168 

2.116 

— 

2.118 

4.916 

134 


e 

2.212 

2.013 

168 

2.111 

76 

2.111 

5.907 

134 


f 

2.238 

2.019 

168 

2.1-39 

75 

2.111 

5.035 

1.33 


“A values have xlO '' cm ^ units 
from [l/2(g|| 2 + 

polycrystalline powder at room temperature 
polycrystalline powder at liquid nitrogen tempcrat.urc 
^ dichloromcthanc solution at room and liquid nitrogen temperatures 
acetonitrile solution at room and liquid nitrogen temperatures 


is consistent with the binding of three nitrogen atoms and borders on Peisach and 
Blumbcrg [28] plots of A|| versus g|| for two nitrogens and two oxygens in the equatorial 
plane. This is in accordance with the x-ray results. No superhyperfine splittings from 
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Figure 20: EPR spectra of the polyciystalline powder samples of tdpctp-Gu- 
(C 104 ) 2 - 2 L (L=ll 20 (a) and Imll (b) at room temperature 

the ligand are oliserved (Figure 20). 

The EPR spectra of the ternary complexes with the nitrogenous bases show less 
than four parallel lines and a broadening of the gx region (Figure 21). Such a broad- 
ening of the gx component is interpreted as indicat ive of lowered symmetry [11]. The 
increase in the A|| value points out that the exogeneous ligands enter the equatorial 
positions by displacing the water molecules. The room temperature solution EPR 
spectra of t he complexes are isotropic with clearly visible hyperfine splitting due to 
copper (1=3/2, 1 lines). In addition, the bipyridine and phenanthroline adducts dis- ; 
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Figure 21: EPII spcclra of 1 .clpclp-Cu(CI 0 .() 2 -plien in nnid (a) and frozen (b) dichlo- 
roniethane solution 

play superhyperfine splitting due to five nitrogens (1=1, 11 lines) (Figure 21(a)). In 
liguid nitrogen temperature all mixed ligand complexes show axial pattern (see Figure 
21(b) for example), with the g|j and .A|| values characteristic of a square pyramidal 
geometry around copper. 

The gav values of the comple.xes lie with the exception of tdpctp-Cu(C 104 ) 2 - 2 H 20 
in the range 2.109-2.143. Similar g-factors wore found for square pyramidal N- 
salicylideneglycinaio or N-pyruvidenc-glycinato copper (ll) complexes with an addi- 
tional ligand with N donors [27, 20]. The g„,, value of compound tdpctp-Cu(C10,i)2- 
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2 II 2 O is lypical of clongatcc] tetragonal complexes witli telraherlral distortion [29]. 
The G-vahics for the present coniplcxe.s are found to be greater than 4 (4.156-5.907) 
with the exception of tdpctp-Cu(C10,|)2-2n20. High G-values indicate that the com- 
plexes are ionic in nature [11]. The smaller value for acjuo adduct suggests that 
the prc'scnce of coupling of (hi ions in coordination polyhedra. The quotient g||/A|| 
has been considered as a convenient empirical index of tetrahedral distortion [30]. 
This quotient for the copper perchlorate complexes ranges from 132-188 cm. It has 
been pointed out earlier that for square planar structures this occurs in the range 
from ca. 105 (o 135 cm. Tliis value increases markcdlj’ on the introduction of a 
tetrahedral distort iiui to the chromophore. Thus, the severely distorted complexes 
Cu[Cal\1e.2(Me2Px)2]2 [(i2]and bisfN-t-butyl ])yrrole-2-carbaldiminato) copper(ll) [63] 
have values of 21-1 and 210 cm respectively. The present complexes show values 
in the intermediate range, among them the aquo complex having a higher quotient 
suggestive of a comparatively larger tetrahedral distortion. 

A few points de.servc attention: (i) while the effective charge on the equatorial 
plane remains constant, exchanging a less electron rich O-atom ligand (water) to a 
more electron ricli nitrogen atom tends to lower gy and increase A|| as we move in the 
series tclpctp-Cu(Cl0.i)2-L (L=21l20, 2py, 2ImII, bipy, phen). (ii) From aquo complex 
to nitrogcncous base adducts both the increased covalency and relief in tetrahedral 
distortion manifests in the increased .A|| and lowered gy values, (iii) Finallj' ga„ values 
suggest a weaker axial interaction for these com])le.xes as is confirmed by the x- 
ra}' crystal structure determination of the complexes tdpctp-('U(C'l 04 ) 2 ' 2 H 20 and 
tdpctp-Cu(ClO..|) 2 - 2 lniH. where the axial post ions are being loosely bound by the 
cyclophosphazene ring nit.rogen and a perchlorate anion. 

In order to obtain a qualitative picture of the bonding nature in the complexes we 
have calculated the LGAO-MO coefficients for the big and b2g orbitals, i.e., and 

which express the extent of in-plane and out-of-plane r-bonding respectively and 



Table 18 . Computed LC AO-MO cocflicicnts, covalcnc}' parameters and orbital 
reduction liaramctcrs of tlie complexes tdpctp-Cii(C104)2-EL 


EL 

medium 


of 

01 

0^ 

Fermi-K 

h 

kx 

2 II 2 O 

solid(r.t) 

0.791 

0.292 

0.889 

0.7.56 

0.325 

0.703 

0.598 


solid(LNT) 

0.798 

0.284 

0.871 

0.700 

0..320 

0.695 

0.559 


CHsCb 

0.786 

0.297 

0.761 

0.671 

0.301 

0.598 

0.527 


CII 3 CN 

0.769 

0.316 

0.991 

0.762 

0.323 

0.763 

0.586 

2 py 

solid(r.t) 

0.746 

0..341 

0.846 

0.8.58 

0..309 

0.631 

0.641 


solid(LNT) 

0.739 

0.319 

0.823 

0.912 

0.310 

0.608 

0.696 


CII 2 CI 2 

0.762 

0..324 

0.805 

0.769 

0.302 

0.613 

0.585 


CII 3 CN 

0.732 

0.357 

0 . 8.55 

0.829 

0.298 

0.626 

0.607 

2 Imll 

solic^r.t ) 

0.760 

0.326 

0.804 

0.632 

0.301 

0.611 

0.481 


solid(LNT) 

0.765 

0.320 

0.785 

0..529 

0.294 

0.601 

0.405 


CII 2 CI 2 

0.730 

0 . 3.59 

0 . 8.53 

0.775 

0.309 

0.623 

0.566 


CII 3 CN 

0.761 

0.325 

0.737 

0.781 

0.284 

0.560 

0.594 

bipy 

solid (r.t) 

0.781 

0.303 

0.807 

0.746 

0.342 

0.630 

0.583 


solid(LNT) 

0 . 7.59 

0.328 

0.771 

0.635 

0.329 

0.585 

0.482 


CII 2 CI 2 

0.772 

0.313 

0.791 

0.690 

0.336 

0.613 

0.532 


CH 3 CN 

0.763 

0.322 

0.788 

O..533 

0.325 

0.602 

0.407 

phen 

solid(r.t) 

0.770 

0.315 

0.829 

0.702 

0.330 

0.638 

0.540 


solid(LNT) 

0.770 

0.314 

0.793 

0.649 

0.324 

0.611 

0.500 


CII 2 CI 2 

0.764 

O..322 

0.790 

0..5.36 

0.317 

0.603 

0.410 


CII 3 CN 

0.762 

0.324 

0.789 

0.625 

0.317 ' 

0.601 

0.476 


also the ligand coefneient Oq,, in the big MO. They are given in Table 18. The in- 
plane a-covalcncy parameter was calculated using a simplified expression [64]: 

Of.,, = — ^ -f- ig\\-(u) + jifli- f/r) + 6-01 (3) 

The values depend on the nature of copper-ligand bond, decreasing with increas- 
ing covalency (particularly in-plane (T-bonding) to a minimum theoietical value of 
0.50. The observed values (0.730-0.798) account for the fraction of the unpaired elec- 
tron density located on the copper. The unpaired electron is more localized towards 
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ligands in l.lic' (oinploNf's whirl) posses extra iiilrogeneons liase ligands. 

1 hc' in-|)l,ine and onl-of-])lan(' nK'lal 7r-hoiiding roefTirients /?^ and /?^ respectively 
are obtained fiom the following appi-oximalc equations [65]:» 


t/|| ^ (Jc + 


20'^/^? Aq 

^ry 


9l'^3e + 


8a"/?"Ao 

F'xzyz 


( 4 ) 


The nnrertainily involved in the assignment of E,r;,/r transition precludes a reliable 
estimate of the ont-o(-plane pi-bonding parameter iP However, it is argued that the 
20% error in results in only a ~5% error in values. The complexes studied 

show /?]^=0. 737-0. 991 indicating a covalent in-plane 7r-bonding. Again weaker in-plane 
TT-bonding is pro])oscd for the aquo complex on the basis of larger values. This is 
also supported l)y the comparatively larger orbital reduction factors for this complex. 


4.4.5 Electrochemistry 

Electrocliemical behavior of the copper perchlorate complexes have, been examined 
by cyclic volt ammet ric and differential pulse voltammetric studies in dichlorom ethane 
and acetonitrile solutions. The data are given in Table 19. 

The aquo complex tdpctp-Cu((.30..))2-2H20 shoAvs a quasi-reversible Cu(ll)-Cu(l) 
redox couple at ca -fO.G V (Figure 22) both in dichloi’omethane and acetonitrile 
solutions corroliorating Hie inci'cased tetrahedral distortion suggested by the EPR 
parameters as well as x-ray diffraction studies. Similarly the quasireversibility of the 
bipyridine and phenanlhroline adducts in dichloromethane solutions indicates that 
there is no aj^preciable structural change involved prior to reduction of copper(ll) com- 
plexes. However, in acetonitrile solution an iri'eversibile Cu(ll)-Cu(l) redox change 
is observed foi' all the niti-ogen ba.se adducts. After the one electron leduction these 
complc.xcs in acetonitrile solution probably undei'go rapid decomposition. Invariably 
all the complexes show an irreversible one electron reduction at cn. —0.6 to —1.2 V 
attributable to the Cu(l)-Cu(0) change. On revei-sing the .scan all complexes exhibit 
a strong stripping peak characteristic of the reoxidation of the nnked metal. The 
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Figure 22: Cyclic vollammograms of l.dpcf.p-Cu(C10..,)2-EL (EL=2H20 [scan rate: 
50 mV S-’ (a) and plicn (h) [scan rate: (i) 500 mV s"’ (ii) 200 mV s-^(iii) 
100 mV s~'(iv) 50 mV s~’(v) 20 mV s“’] in dichloromcthane solution 

redox behavior of tlie complexes tdpctp-( •u(C 10 .i) 2 -L (L= 2 H 20 , bipy and phen) in 
dichloromethane solution may be so schematized as: 

[tdpctp Cu^^ Ln]^'*' [Idpctp Cu^ Ln]"^ — ► [tdpctp-Cu°-Ln]° 

e 

fast 

Ln 4- tdpctp + Cu° Cu+ 

In acetonitrile solution a different mechanism may be operating with the likely expul- 
sion of the extra ligands from the coordination sphere in an attempt to achieve a more 
comfortable Iclrahedral geomelrical arrangement lo stabilize the Cu(l) species gener- 
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Figure 23: DifTercnctial pulse voliammogram of t.clpct.p-Cu(C10.i)2-phen in acetoni- 
trile (scan rate: 10 mV s~’) 


ated. The coordinating abilitj' of the acetonitrile may be the driving force for this kind 
of mechanism. The dilTc'renlial pulse voltammogram of complex tdpctp-Cu(C 104 ) 2 - 
phen in acetonitrile solution is presented in Figure 23 which is compatible with the 


following mechanism: 

[tdpetp-Cu^ Ln]^’^ [tdpctp Cu^-Ln]'^5=r^ [tdpctp-Cu*-(sol)2]'* 

+ e 

+ e peak C + e peak D 

[tdpctpCu"-Ln]” [tdpctp-Cu°-(sol)2]^ 


It is probable that in dichloromethanc the preferred geometry for the copper{l) in- 
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Figure 24: The cyclic (a) and difrercncial pulse (b) voltammograms of 
tdpctp-Cii(C10,i)2-2IinlI in dich]oromet.hane at scan rates 100 mV s“’ and 10 mV 
respectively 

termediates may be a five- coordinate distorted trigonal bipyramid. However, this 
conclusion awaits the structural characterization of atleast one copper(l) complex. 
Our attempts to isolate stable copper(l) complexes using this ligand have not been 
successful so far. 

It can be concluded that (i) the imidazole and pyridine adducts are not re- 
dox flexible owing to the observation of irreversible Cu(n)-Cu(l) reduction both in 
clichloromethane and acetonitrile solutions (Figure 24). (ii) The high positive 
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Table 19: Llcriroclioinical data for the coppc'r perdiloratc adducts 




Cu(ll)-Cu(l)« 


compound 

solvent 

E,/2 (V) 

AEp 

E(Cu(l)-Cu(0)) 

tdpctp-Cu(C10..i)2-2n20 

CII2CI2 

-fO. 57.5 

130 

- 1.24 


CH3CN 

-10.660 

120 

-0.45 

tdpctp-Cu(C 10 .i )2-2py 

CII2CI2 

+O.. 350 ’' 

c 

-0.82 


CII3CN 

d-O.'lbo'' 

c 

-0.58 

tdpctp-Cu(C10.,)2-21mll 

CH2CI2 

- 0 . 050 ’' 

c 

-0.50 


CII3CN 

-10.21 0’' 

c 

-0.65 

tdpctp-Cu{C10.,)2-bipy 

CII2GI2 

-fO.225 

130 

-0.75 


CII3CN 

-fO.Mo’' 

c 

-0.55 

tdpctp-Cu(C 10 .| )2-phen 

ahC'h 

-10.215 

90 

-0.68 


C 113 CN 

+0.225’' 


-0.63 



- 0 . 050 ’' 

c 

-1.02 

^ data for 100 mV s ' scan rate 




1 

^ from dilTercntial pulse 

voltammograms (10 mV s ’) 


^ irreversible ])roccss 






A iA.. f -i; : . ; > 'tri.. .r, . - ^ « •£? .FT'.u^vy.ir^arfT;c..^tf.^s.aMBMmf7-amTOaacwr 

redox potential observed for the Cu(ll)/(hi(l) redox change for the aquo complex 
tdpctp-Cu{010.|)2-2M20 compared with the bipyridine and phenanthroline adducts 
tdpctp-Cu(C104)2-L (L= bipy, phen) may be arising from the increased tetrahedral 
distortion in the former which would stabilize the Cu(l) congener and to the electronic 
effects prex’alent' because of the replacement of two less electron acjuo ligands by elec- 
tron rich bipvridinc oi’ ]')henanthroline ligands which hampers the additon of elections 
to the metal, (iii) The convenlional analysis of five Cu(ll)-( 'u(l) peak systems of 
complexes tdpctp-(;u(C}0..,)2-h (I.^^llaO, bipy, phom) exhibited in dichloromethane 
solutions with scan rates varying from 0.02 V s ' to 1.0 V shows that the peak- 
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to-peak separation inercascs progressive) \’ from ca. 0.08 V to 0.28 V. Tliis maximum 
departure from tlic constant value of 0.059 V expected for an electrochemicallj^ re- 
vei'sil:)le one electron transfer denotes that a considerable geometrical reorganization 
accompanies the Cn(n)-Cu(T) redox change [56]. 


4.4.6 Description of crystal structures 

The single cryslal strnriures of four complexes have been determined. The structural 
details are discussed beloAv. 


tdpctp CuCl 2 0112 012 

The ORTEP |)lot fo (he coin|>lex is displayed in I-’ignre 25 along with the numbering 
scheme. Cry.slal data are summarized in Table 20 and the selected interatomic bond 
distances and angles are listed in Table 21. 

In the complex (hcA copper atom is five-coordinate and exists in a distorted tri- 
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Table 20: ( lyslal (\Mc\ lor Idprtp-dnCl^'^ tdpcip*NiCl2 


compound 

tdpctp-CnCls-CdliCl 

2 idpctp-NiCla 

fonruila 

C33n„oN„P3Cl,,Cn 

tdpctp-NiCl 2 

fw^ 

889.03 

799.3 

crystal size, mm 

0..36 X 0.16 X O ..55 

0.13 X 0.24 X 0.55 

crystal color 

green 

maroon 

a, / 

19.78-1(4) 

38.190(8) 

1), A 

1 1.666(4) 

9.225(3) 

c, A 

18.061(6) 

21.830(4) 

a, deg 

91.52(3) 

— 

0 , dog 

97.24(3) 

108.29(2) 


98.26(3) 

—■ 

V, 

2021.7(13) 

7302 (3) 

d(calcd), gcm~'’ 

1.46 

1.454 

space group 

P-1 

C2/c 

Z 

2 

8 

F(OOO) 

913.80 

3312 

linear ahs. coclF., inm"’ 

0.96 

10.20 

scan tcclniifiue 

0-20 

u::20 

20 range, deg 

4-50 

1 .5-27.9 

rcfls measured 

7561 

9391 

nnifine reflections 

7107 

8846 

data used 

38.50 (I>6<7(1) 

4414 (I>2.5<7(I)) 

n(p), 

0.065, 0.080 

■ 0.045, 0.043 

Final diff map, e.d~'^ 

-0.80(3), +1.5(3) 

t 

0.34 


gonal bipyrainidal goonieliT, wil li a NaC-b donor set of two chloride ions and a cyclotri- 
phosphazeno skeletal nitrogen clefining the ecpiatorial plane and two nongeminal pyra- 
zoly] groups in the axial postions (Figure 25). T he Cu, Cl(]), Cl(2) and N(l) atoms 
have very small deviations of -0.003(10), 0.001(3), 0.0005(23) and 0.003(5) A respec- 
tively from t he least.-scpiarcs plane through those atoms. This plane make an angle of 
87.72(7) with the cyclotriphosphazene P 3 N 3 ring plane. The Cu-Nctp bond distance 
is longer (2.320(5) A) and the average Cu Np, bond length is normal (1.979(5) A). 
The i nec|uivaleiK e in t he C u-N bond di.st anee.s is consist ent w it h t hat observed foi 
hclpcip-ChiCb. TIk' mean Cu Cl bond distance is 2.2731(20) /!. The main axis of 
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Table 21; Soloctc'd l)on(l (lishinccs (a) and bond angles (b) in t.dpctp-CviCl2-CH2Cl2 






(a) 


(’ii-(;i(i) 

2.2639(21) 

Cu-Cl(2) 

2.2822(14) 

Cu-N(l) 

2.320(5) 

Cu-N(12) 

1.984(5) 

Chi-N(G2) 

1.971(5) 

mean dislanees 


P 

1.692(5) 

P (V.,-,-, 

1.791(6) 


(b) 

Cl(l)-Cu-Cl(2) 

132.21(8) 

Cl(l)-Cu-N(l) 

123.51(14) 

Cl(l) Cn N(12) 

90.59(17) 

Cl(l)--C'u .N((i2) 

92.19(17) 

(■’1(2)- Cn- .\’(l) 

101.26(13) 

Cl(2)-CirN(12) 

97.59(17) 

Cl(2)-Gu-N(62) 

95.62(16) 

N(l)-Cu-N(l2) 

80.86(19) 

N(1)-Cu-N(62) 

80.60(19) 

N(r2)-Cu--N(62) 

1.59.39(20) 


P(l)-N(l) 

1.601(5) 

P(l)-N(2) 

1.561(5) 

P(2)-N(2) 

1.614(5) 

P(2)-N(3) 

1.610(5) 

P(3)-N(l) 

1.600(5) 

P(3)-N(3) 

1.552(5) 


N(l)-P(l)-N(2) 

119.1(3) 

N(2)-P(2)-N(3) 

114.9(3) 

N(l)-P(3)-N(3) 

118.4(3) 

P(l) N(l)- P(3) 

117.6(3) 

P(l)- N(2)-PC2) 

122.1(3) 

P(2)-N(3) P(3) 

123.1(3) 

N(11)-P(1)-N(21) 

100.4(3) 

N(51)-P(3)-N(61) 

100.2(3) 

C(31)-P(2)-C(41) 

106.0(3) 


,•< . 1 K,- 1-)^ ('ll and N((i2) is much deviated (159.39 

the trigonal bipyrantnl constitnled In N( 12). (.'i • t / 

1 u wn ° for a regular trigonal bipyramid. The Cl(l) 
(20) °) from the required angle IbO loi a leguia e, 

Cu-CI(2) angle is inc, eased to 132.21(S) » whici, is .■eflecte.l on the constriction of the 
bond angle Cl(2)-Cu -N(l) (101.26(13) •)■ These devi,tion.s recnlt in a, internred.ate 
geonretrv betsveen Ihe s„nare pyramid and trigonal bipyranrid and accounts for the 

rhombic EPU spectral pattern observed for the ponder sample. 

The effect imparted on the cyclotriphosphaaene sheletal bonding parameters due 



Figiirr 26: Pcrs])cctivc view of fdpctp-NiClz 


to the ring nitrogen participation in coordination is veiy similar to the complexes 
previously described. The P-N bonds flanking N(l) are longer (1.600(5) /I) than 
the adjacent P- N bond lengths (1.557(5) A). However, the depletion of skeletal x- 
bond is more severe in the N P(Ph 2 )-N segment, owing to the presence of electron 
withdrawing phenyl substituents (Table 21). The cyclotriphosphazene ring adopts 
a distorted planar conformation. The coordinated skeletal nitrogen atom N(l) is 
0.319(5) A away from the mean plane defined by P(l), P(2), P(3), N(2) and N(3). 

tdpctpNiCl2 

The crystals of the title compound are monoelinic with space group C2/c. The unit 
cell dimensions and refinement parameters are collected in Table 20. The molecular 
structure is shown in Figure 26 and selected interatomic parameters are listed in 
Table 22. 'I’he lat t ice is comprised of essentially discrete molecules of title compound, 




Table 22: SVlrctc'd hoiid Ic'ugih.s (a) and bond angles (b) in tdpct.p-NiClj 




(a) 


Ni ('l(l ) 

2.2.73(1) 

P(l) N(l) 

1.. 590(1) 

.\’i (;i(2) 

2.218(2) 

P(l)-N(2) 

1.-537(4) 

l\i-.N(l) 

2.079(3) 

P(2)-N(2) 

1.591(4) 

i\i-N(ll) 

2.080(4) 

P(2)-N(3) 

1.537(4) 

Ni-N(3]) 

2.089(4) 

P(3)-N(l) 

1.600(4) 

mean dist ance.s 

P-N,,,..v 

1.670(4) 

P(3)-.N(3) 

1.611(4) 

P - ( 

1.786(.5) 




(b) 



ci(i)-.\-i-(:!i(2) 

111.77(6) 

.N(l)-P(l)-N(3) 

117.9(2) 

a(])-Ni-.N(i) 

117.2(1) 

N(l)-P(2)-N(l) 

117.6(2) 

Cl(l)-Ni-.N(n) 

92.8(1) 

N{2)-P(3)-N(3) 

114.8(2) 

01(1 )~Ni N(31) 

91.1(1) 

P(l)-N(l)-P(2) 

114.4(2) 

Cl(2) -.\'i .\^(1) 

128.0(1) 

P(2)-N(2)-P(3) 

120.9(2) 

Cl(2)-.\’i N(ll) 

99.0(1) 

P(l) N(3)-P(3) 

122.6(2) 

01(2) .\’i .\(31) 

97.1(1) 

N(12) ■P(l) N(21) 

103.2(2) 

N( J)- Ni .\'(1 1) 

. S0..3(l) 

N(32)-P(2)-N(ll) 

103.8(2) 

N(])-Ni-N(3]) 

80.5(1) 

C(51)-P(:3)-C(61) 

108.1(2) 

N(l])-Ni-N(31) 

160.0(1) 




tliere being no sigiiilicaiil inlermolcenlar coni acts; the closet non-lij'drogcn contact 
in tlie latlic ocenrs Ix'hvc'en the N(22) and C(;ir^)' atoms at 3.366(7) A (symmetry 
o])cration: x, H y- /)• 

The nickel atom in the complex exists in a distorted trigonal bipyramidal geom- 
The c(|nat orial plane is dc'fined by the two chloiido ions and a. nitiogen donor 
atom deio'ed from the cyclotriphospliazi'ne ring; the nickel atom lies 0.0212(6) A. 
out of the e((natorial plane m tlie din'clion of the N(l]) atom. 3 lie axial positions 
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«uc oc<ii]>ic f] In I wo nil.rogoii aloins dc-rivcd Irom two iiorigcniinnll}' substituted cis- 
pyrazolyl groups [N(l 1)- Ni- N(;n), ]fi().0(|) «] and the planes tl,rough the two pyra- 
zoly] groujjs iinoKcd in <'()ordinal ion lo llie nirkel atom form diliedral angles of 99.7 
and 7b. 9 icsjx'cliNTiy with the cciuatorial plane. I'ho tdpctp ligand thus coordinates 
in a tii<lenta1(' mode and I'cmarkablc in the struct ure is the c(|uiva]cnce of the Ni-N 
distances which lie in the narrow range 2.079{:3) to 2.089(1) /). The.se values may 
be compan'd to thc' range of Ni N values of 2.01(1 ) to2.05(]) found in the structure 
of dibromo(().(i'-dimet hyl-di(2-pyridylmethyl)amine-N.N.N)nickel(ll) which features a 
similar trigonal Inpyramidal geometry defined by an .NsBi'i donor set [66]. 

In the analogous copper complexes hdpctp-CuCl 2 and tdpctp-CuCl 2 the axially 
bound pyrazolyl nitrogen atoms formed significantly tight('r Cu-N interactions com- 
pared with t he <'(|uatorially bound cyclotriphosphazene nil rogen atom. Further, the 
Cl-Cu -Cl angle of ca. M2..'1(J) " in them is .significantly greater than the analogous 
angle in tdpcfp-NiClo of 11-1.77(6) °. Clearly, the geometry about the copper in the 
copper coniple.xes approaches one based on a tctragonally distorted squa.re pyra.midal 
geometry (with Ihc cyclotriphosphazcne skeletal nitrogen atom occupying the axial 
position), at least more so than that found in tdpctp-NiCd^. 

The PsN.j framework of the cyclotriphosphazene ligand is not planar, with the 
major deviations Ijeing found for the N(l) atom as showm in tlie tor.sion angles of 
1 19.5(2) and -1 10.7(2) ° for Ni/N(J )/P( 1)/N(:5) and Ni/N(l)/P(2)/N(2) respectively. 

tdpctp-Cu(C10,,)2-2H20 

Tlie title compound crj’.stallized in the monoclinic space group P21/a. Giystal data 
and details of data collection and slrncliire refinement are given in Table 23. The 
perchlorate ions are modelled as two rigid groni)s of rat io 0.85:0.15. Perspective view 
of tlie complex is shown in Figure 27. Selected bond lengths and bond angles are 

given in Table 21. 
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Table 23: Crystal data lor tdiictp'CulClO t)2'21’.l. (I'/L- 21120 and Imll) 


coinijound 

formula 

f\v 

crystal size, nmi 
crystal color 

a/ A 

b, 

c, ^ 

V, 

cell determination 
rofleclions 
'10 angle, deg 
d(caled), gem"’* 
space' group 

Z 

F(OOO) 

linear al.)s. coe'll.. rnm 
scan tcchniciue 
scan speed, deg min"’ 
refls measured 
unicjne reflections 
data used 

R(F'^), R„.(l*'') 

largest di/rr 
Final difl' map, e/A"'* 


t (1 1 )c t p- Cu ( Cl 0.1 )2 -21 1 2 0 

C.y2n.t2NllP30,oCl2Cu 

968.11 ■ 

0.60 X 0.66 X 0.70 
blue 

IS. 101 (A) 

19.927(4) 

11.87.6(20) 

90.696(15) 

■135'1(15) 

2.5 

20-22 

1.18 

P2l/a 

1 

2000.06 

0.79 

0-10 

1-16 

5981 

5665 

3918 (1>3<t(1)) 

0.018, 0.072 
0.08 

-0.7(7), +0.8(7) 


tdpctp.Cn(C10,i)2‘21mH 

CsslbsNisPaOsChCu 

1068.23 

0.11 X 0.13 X 0..56 
blue 

12.121(7) 

21.110(2) 

19.161(5) 

101.39(3) 

4882(3) 

25 

16-18.5 

1.15 

P21/n 

1 

2208.1 

0.72 

0-'20 

4-16 

4827 

4544 

2950 (I>2.5cr(I) 
0.019, 0.067 
0.001 

- 0 . 5 ( 1 ), + 0 . 6 ( 1 ) 


. ■ ,h0 »dopt» ao.gatocl octal.«lra goemotry with the 

The eoppo.. .o„ tlu to,w I . ^ 

cyclotvipho,pl.a/.eno sWelal n, -.ogen 

pcltioMS. The !>»«.! Pletie i» eontlilule.! hy two noogem,, . - 

, r Tlu' mean ( m N;- bond distance 2.021(5) 21 is com 
.,„go,. eo<. , wo wet,.,, o.o ,•< ^ _ 

p„„h,e ,o thet lo.,„- -n ,e 

The C..-0(3, „ppo,.oy*taphosphg- 

axielamonso..w.> < ' I I- - distance is even longer 

.one ,. ing nitrogen into, .action is re, narUblyn, eh an 


131 



Table 24 : S('!c< lo(l hoiul longlhs (m) n,ul anlges (h) in lfl|)(lp-(:u(C:i0..,)2-2H20 



(«) 



Cu(lKN(2) 

2.3S3(-I) 

P(l)-N(l) 

1.568(5) 

Cu(])-N(7) 

2.037(5) 

P(l)-N(2) 

1.593(4) 

Cu(l)-N(fl) 

2.010(5) 

P(2)-N(2) 

1.589(4) 

Cn(l) 0(1) 

1.901(1) 

P(2)-N(3) 

1 ..558(5) 

Cu(l)-.0C2) 

1.990(1) 

P(3)-N(l) 

1.617(5) 

Cu(])-0(:l) 

2.506(5) 

P(3)-N(l) 

1.615(5) 


mean distances 





1 .691 (5) 


p a,,.. 


1.789(7) 



(M 



N(2)-Cu(l) N(7) 

7S.93(]6) 

N(1)P(1)-N(2) 

119.44(24) 

N(2)-(.'u(l)-N(<)) 

81.31(16) 

N(2)-P(2)-N(3) 

119.45(24) 

N(2)-Cu(])-0(;3) 

177.27(16) 

N(l)-P(3)-N(3) 

113.9(3) 

N(7)-Cu(l)-N(9) 

81.31(16) 

P(l)-N(l)-P(.3) 

118.9(3) 

N(7)-Cu(l)-0(3) 

101. .57(1 7) 

P(l)-N(2)-P(2) 

119.4(3) 

N(9)-Cu(l)-0(3) 

101.30(18) 

P(2)-N(3)-P(3) 

119.5(3) 

0(])-Cu(l)-0(2) 

90.T1(17) 

N(l)-P(l)-N(6) 

101.04(22) 

0(1)-Cu(l)-N(2) 

93.16(15) 

N(8)-P(3)-N(10) 

100.2(22) 

0(])-Cu(l) N(7) 

88.20(18) 

C(21)-P(2) C(31) 

106.3(.3) 

0(1) Cufi) N(!)) 

173.68(17) 

()(])-C:u(l)-0(3) 

83.89(17) 

0(2)-Cu(l)-N(2) 

96.75(16) 

0(2)-Cu(l)-N(7) 

175.38(18) 

0(2)-Cu(l)-N(9) 

86.76(18) 

0(2)-Cu(l)-0(3) 

82.67(16) 


bonds flanking ilic phosphorus Ijcariiig llio phenyl sul)siilnrnts as is on'idenced b}' the 
longer P-N bond lengths (av. l.()lfi(5) /I) hut is in keeping with that observed for 
NaPaPh^Cl, [6S]. 

The planarity of the cyclotriphosphazcnc ring is afTcctcd by tlic skeletal nitrogen 
involvement in coordination to the eopijer. To releive the strain produced by the 



geometrical constraints, tlie non-interacting skeletal nitrogens are pushed away from 
the plane defined by the remaining atoms. Thus, the nitrogen atoms N(l) and N(3) 
are -0.258(5) and 0.252(5) A respect ively away from tlie plane defined by P(l), P(2), 
P(3) and N(2). 

tdpctpCii(C10 i)2-2ImH 

Bine cryst als obt ained by slow diffusion of benzene into a dichloromethane solution of 
tdpctp-Cn(Cd0.i)2-21niH are monorlinic. Data on intensify collection and refinement | 
of structure are given in Table 23. I he molecular st ructure drawn by ORTEP is i 
displayed in Figure 28. 

The geometry of the co]iper is best described as a distorted scpiare pyramid with | 
the cyclotriphospha.zenc ring nitrogen at the apical po.sition and the two nongeminal | 
cis-pyrazolyl groups and two imidazole ligands occuiijing the ba.sal ones. Ihe coppei- 




Table 25: S<>l<r(od bond distana-s (a) and angles (1>) in t.dprt.p.Cu(C10,)2-2ImH 


(a) 


Cu .\'(]) 

2.325(6) 

P(l)-N(l) 

1.590(6) 

(:u-N(5) 

1.908(7) 

P(l)-N(2) 

1.569(7) 

Cu-N'(()) 

1.981(7) 

P(2)-N(2) 

1.600(7) 

Cu-N(ll) 

2.076(7) 

P(2)-N(.3) 

1.607(7) 

Cm .\’(1.3) 

2.0 M (7) 

P(3)-N(l) 

1.605(6) 

mean distances 

P-N,,n, 

1.680(7) 

P(3)-N(3) 

1.558(7) 

P-CCn, 

1.783(9) 




(b) 



.\'(1)-Cu N(5) 

96.1(3) 

N(l) P(l)-N(2) 

119.1(3) 

N(l) Cu N(6) 

125.2(3) 

N(2)-P(2)-N(3) 

114.3(3) 

N(]) Cu N(ri) 

78.8(2) 

N(1) P(3) N(3) 

117.3(3) 

N(l) Cu .\’(1.3) 

80.8(2) 

P(l)-N(l) P(3) 

119.2(4) 

N(5)-Cu-N(6) 

88.8(3) 

P(])-N(2)-P(2) 

122.1(4) 

N(5)-Cu-N(n) 

88.3(3) 

P(2)-N(3)-P(3) 

120.3(4) 

N(5)-Cu-N(13) 

176.1(3) 

N(12)-P(l)-N(14) 

101.4(3) 

N(())-CmN(ll) 

156.0(3) 

N(9)-P(3)-N(]0) 

103.2(3) 

N(6)- Cu-N(13) 

90.7(7) 

C(12)-P(2)C(17) 

107.7(3) 

N(l)-Cu-N(1.3) 

93.7(3) 




cycloiri]^liosphnzciic skeletal nit rogen bond distance is relatively shorter (2.325(6) A) 
tlian those found in ]>revious ones, indicating slightly improved interaction. The mea.n 
Cu-NP/>, and (.-n-N/,„ bond distances are 2.015(7) and 1.975(7) A respectively and 
are consistent with those observed for analogous complexes. It is to be noted that 
the Cu-Np., bond distances in the I itle coniplex are slightly longer (~0.02 A) than 
those in t(lj)rtp-(hi((d(),,)2-2Il20. The .s<|iiare pyramidal geometry about copper is 
much distorted towards trigonal hipyramidal geometry and accounts well the small 


A|| \<)hi(s (>1)S(i\((l (()i il]( iniidzolr fliid |)yridiiir' adducls in Ihr EPR spoctroscopy 
{vidi .^iipra). I-Ih'sc' dcvi;i| ions can he ch'aiiy inCcrivd from llic widened N(6)-Cu- 
N(l) (12r,.2(:i) '■) ami eonsiricted N((i) (!„ X(li) (I 5fi.()(3) °) bond angles from the 
cxpocted ones (!)() and ISO “ respect ively). The selected interatomic distances and 
bond angles are given in Table 25. 

I he inodc'i at <.'1\ st rong interaction e.xhibited by the cyclotriphosphazene skeletal 
nitrogen towards llu' co])|)er ion is I'eflected in the phosphazene ring bond distances. 
1 he P-N length Hanking the coordination site are lengthened to a slightly larger ex- 
tent (1.508((i) A) comi>ared to that in the comple.x tdpctp-Cn(C10.,)2-2M20. The P3N3 
ring is non-planar with the atom N(.3) projected 0.0-305 A from the plane defined by 
)> ^’(-)- ^'( 1 ) <>iid N{2). The remaining P-N (oxocyclic and endocyclic) bond 

distance's and bond anglc-s at phosphorus (endocyclic and e.xocyclic) and nitrogen are 
une.xceptional. 

4.5 Ligating Properties of the Ligand 2,2-Spiro(l,3- 
diaminopropane)-4,4,6,6-tetrakis(3,5- 
dimethy 1- 1-pyrazolyl) cyclotriphosphazene 
(stdpctp). 

4.5.1 General 

The ligand sldpct]) is a potential mnltidentate ligand with three different donor 
groups. Apart, from t he lyyrazolyl and cyclotriphosphazene nitrogen atoms, the amido 
nitrogens P-Nll) of the 1,3-diaminopropane spiro loop is also expected to compete for 
coordination to metals. The nongeminal coordinations bites im'ohing pyrazol}'! and 
cyclot ri]^hos]')haz('ne nitrogens are exactly same as in the ligands hdpctp and tdpetp. 
Iloweyer. the new .N3 core comprising a pyrazolyl nit rogen, a cyclotriphosphazene ring 
nitrogen and a amido nitrogen may lead to a fonr-memhered and a fiye membered 
chelate rings. 'I'his cooridnation pattern is visualized in Figure 29 . As expected the 



ligand std]')clp ])r('rcrs lo inlerari. wilh the transition metal rrn the latter N 3 core. It 
forms mononuclear comi^lc.xcs with copper, cobalt and nickel(ll) halides. 

The list of t he coordinat ion compounds and their physical characteristics are given 
in Table 26. .Majority of the complexes decompose slowly on standing for 3-4 weeks. 
This suggests that, probably the formation of the fonr-membered chelate ring (Fig- 
ure 29) increases the si rain in the 1 .3-diaminopropane spiro loop and cleaves the P-N 
bond of the spiro loop to liberate an amino arm. However, at present, we do not have 
any coi'roborativc^ evidc'nce for this speculation. Our attempts to grow single ciystals 
of tlicsc c'.omplc.'xes resulted in the decomposition of complexes with the concurrent 

formation of very powdery and hygroscopic materials. 
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Table 26: Physinil clifiraclr'risjir.s of stclpcl p complcxos 




compound color 

nature 

A,„ (mho cni^ mol"') 

1‘rJS (BM) 

st d])cl !>•( 'u( green 

amorphous 

12 

1.74 

st dpctp-C‘uIb '2 yellow 

amoiphous 

20 

1.71 

stdpctp-NiCli pink 

amorphous 

17 

2.95 

st<lpct]:)-NiBr 2 brick red 

amorphous 

20 

3.01 

stclpchp-CoCdi blue 

cry.stallinc 

8 

4.74 


4.5.2 Spectroscopic properties of the complexes 

The IH spc'clruni of the free ligand sliows a sliglilly broad hand at 3200 cm”’ at- 
tributable (o tlu' N' 11 stretching frecnioncy. In the complexes it is shifter to higher 
energy by at least 100 cni“b This clearly suggests the coordination of amido (NH) 
group to the iiK't als. 'Hh' s|)lilling of the P=N stretching band indicates cydotriphos- 
phaaene nitrogen also |)articipates in coordination. Similar inference, has been made 
regarding the imob'cment of pyra-xolyl pyridinic nitrogen in donation. The conduc- 
tivity data reveal that tlic complexes are non-clcctrolytos in acetonitrile solution. The 
magnetic rnoinent. values of the copper, nickel and cobalt complexes are acceptable 
for S=]/2, 1 and 3/2 spin states respectively and indicate high spin nature of the 
com])lex('s. 

The electronic spectra are dominated by the tt-tt" (intraligand) and l.m.c.t. bands 
in the region 200-1.')0 nrn. All t.lic complexes show a ligand centred tt-tt* transition at 
round 235 nm. 'Flic copper halide complexes stdprtp-CuXs (X=CI, Br) exhibit two 
Px (■;„ dia.rge transfer bands at ra. 275 and 355 nm and a Irroad d-d band a.t ca. 
SSO nm. Wlien compared with the analogous Idpetp com])]exes the d-d ba.nd of the 
stdpetp coniirlcxc's are slightly blue-shifted (~20 nm) indicating strong field nature 
of tlie ligand (sld|K-tp). I'he si dpctp-CuBr2 displays an additional band m the IJV- 


Table 27 : I- l.'ct iDiiic sjXM'lVfil (IfUa for tlu' sldjKi]) coinplox('s‘ 




A 


compound 

assignment 

si dpci p-{ ’n( ’I 2 885(0.22) 

:l(i0(1.72), 281(:h01) 
287(13.15) 

(Id 

Pz Cn l.m.c.t 

TT-TT* (iniraligand) 

stdi)(ti)-('nBr2 883(0.35) 

111(2.02) 

355.sh, 305(2.85) 
238(13.30) 

d-d 

Rr Cn l.m.c.t 

Pz -> Cn l.m.c.t 

TT-TT* (intraligand) 

stdpci p-N’iCli 780(0.0 1) 

1.56(0.18) 

282(1.13) 

238(13.87) 

(Id 
d (1 

Pz —1 Ni l.m.c.t 
tt-tt* (intraligand) 

st dpctp-Nilh'.i 776(0.0 1) 

4.56(0.22) 

330(1.02) 

274(1.68) 

233(11.02) 

d-d 

d-d 

Rr Ni l.m.c.t 

Pz — > Ni l.m.c.t 
tt-tt* (intraligand) 

st dpcl ])•( V)( ’ll 002(0.01 ) 

631(0.11) 

260sh 

238(1 1.38) 

d-d 
d (1 

P'/ —* Co l.m.c.t 
Tr-x’ (intraligand) 


t [(,]• (ru liloronietliano soluiions 
t units: iim (1110!"’ cm~^) 


, , . . , , , n.. 1 in.r. 1 . The rolxiU aiul t he nickel complexes 

Vis region altrihntahle lo the 1 , i 

„o.,io„s or .l,<. or nioko, coWa co,o„lo.c. .-evoa. o h.gh sp.„ 

• .^Aii with analogous compotmds [ 60 , 61 , 58 ]. 

N3X2 chvomoidiore in compaiison wit o , , \ -k j 

1 ,vr.« ^idiKt ivChiX 2 wxTC recorded at x-ba.nd 

The, EPR siM'cl ra of the coi)per coin)) c. ■ • 


fn.i.HMUT as polynyslalline sa.aplos. They show axial pallcrn with >g|| demon- 
stratnT u\ d.v giound slate wilh (•oin|)r(',ssed Irigoiia! hipyramidal geometry [11], No 
hypc-rlme eoii|)liiigs haw heen observed. 'I’he g,, and values for stdpctp-CuXj 
(X — ( 1, 15i) art' i.f).)9. 2.022 and 2.1 j."). 2. ].'?() respect ively. On the basis of the above 
c\( ( iimulal('(l e\ itlencc's we irrc'h'r to assign trigonal l)ipyrainidal structures to the com- 
])lcxc‘s its depicted in figure 29. However, a final conclusion on t.lie exact geometry 
of tlie coinj)ounds awaits crystal si rnclui’e determination of atleast one compound. 

4.6 Conclusions 

'J Ivc iigands l)(l|)c! j). I dprl p and sidpeip form ])onla-'roordinato coppor(ll) compounds 
when tfcatc'd with a)pp('r(ll) lialidos. Tho ligand hdpclp forms homo- and heterod- 
inneh^ar rom])l(\\o.s also, dlic reduction in the number of pyra;?:c)l3d substituents in 
tdpcip leads to the selective formation of monoiinrlear complexes, while in stdpetp 
repla<*<mK‘nt of two ])yrazolyI groups by an l,3-diamino])ropanc spiro loop gives raise 
to coinj)el il ion foi' coordination l)ctween pyrazolyl and arnido substituents. The cop- 
per perchlorate' cotnplexes of hdpetp and td]>ctp are six-coordinate or five-coordinate 
depending upon tlu' natur<' of exogenous ligands partici])ating in coordination. While 
the two a<|no liganels staljilizc lh<' distor)('d octahedral striirtnre bulky nitrogenous 
bases prefer s(|uare pyramidal struct in'o. Lc'ss variation in the coordination geometry 
of the copp(M* ions obsc'rved in ilie complexes of these ligands is attributed to the con- 
straints in tliesc' ligands whirli form two five-memherc'd dielate rings on coordination. 

References 

[1] Kiri.shnamurt.hy. S.S.. Reddy, \hS., Chandmsckhnran. A. and Nethaji, M. Phos- 
phorus. Sulfui a, „I Silicon. 1992, 01 99; Chaudras(d<har, V.. Kri.shnamurthy, 
S.S. and Wbods. .\I. .1.05. Sump. ,SVr.. 1988. 171. 181. 


110 



[2] Ciilluiino. K.l). ;ui(l I’iulflock. N.L. (:,n>. Chnn.. 1982. 60. 521; Callicano, 

K.I).. I'iuJclock, N.L.. s..). and Trolln-. ,). Inorci. NvrI. Chnn. Letts., 

1979, ir>. 117. 

[3] Me k,. i Oknharn, K. and Morton, C.J. Inorfj. Chnn., 1965, J,, 1672. 

[■l] ( handt asokli.u’, \ ., Kri.shnamiii'lliy, S.S. Manohnr, II., Va.sndcvamurth}', A.R., 

Sliaw, and Wood,s, M. .]. Chnn. Sac. Dalton Tran.^^., 1984, 621. 

[5] Kcal, R., Sliaw, R.A. and Woods, M. ,J. Chnn. Soc. Dalton Trans., 1976, 1582. 

[6] ( liandrasc'kiiar. V.. Krislinaninrthy. S.S, Vasudcvamurtliy, A.R., Shaw, R.A. 
and Woods. .M. Innni. Nad. Chnn. Letts., 1981, 17, 181. 

[7] .Aih'ii. C.W .. Brown. D.E., (Jordos. ,A.\V. and Craig, S.C. J. Chnn. Soc. Dalton 
Tran.-^.. 1988. 1105. 

[S] Van d('r Iluixicn. .A. .A.. Van do Cramped. Rnsrli. .I.W.. Witling, T., Bolhuis, 
F. and Mofdsnia, A. Chnn. Soc. Dalton Trans., 1986, 1317. 

[9] Rirliio. B..J.. |•'llll('r. T..I. and .Allrock. 11. R. tnorg. Ch< in.. 1980. 10, 3811. 

[10] Krishiianntrlliy, S.S., San, .A.C. and Woods. M. .-Ir/?’. Inorg. Chnn. Radiochem., 
1978, 2/. dl 

[11] Hathaway. B..I. Slruct. Bonding (Berlin), 1984, .57, 55; Hathaway, B.J. and 
Billing, D.F. Coord. Chnn. Rev.. 1970, -5, 1'13. 

[12] Gearv. W..]. eWrr/. a.nn. Rcr., 1971, 7, 81^ 

[13] Nakanioto. K. InI'rarcd and Raman Spectra of Inorganic and Coordination Com- 
|)onn<ls. \\ ili'y-lniorscir'iicc, Nc'W 5ork. 1970. ])p. 17-:). 

[id] Bonwman, 1*'-. Bh.l). thesis, Leiden Hni\'C''rsily, Leiden, Ncthailands, Bouwman, 
E.. WVslheide. C.E., Dricssen, W.L. and Reedijk. .1. Inorg. Chim. Acta, 1989, | 
166 , 2 [)\. 

[15] Shaw, R.A. Z. 1976, 611. 

[16] Bernardncci, E.. Srhwindinger. W.E.. Ilngluw I\', .I.L.. Krogh-Iespersen, K.j 

and Selmgar, II..). -A .dm. .Voc.. 1981, 1686. | 

[17] Lever. A.B.B. Inorfianic Ekdronic Epfclroscopij. T'’ Ed., Elsevier, Amsterdam,; 

1981. V { 


1/11 


[18] 'riioiiipsoii. L.l\.. llaniaswaniy. B.S. and Dawc, R.D. (Uin. J ■ Chem., 1966, 5, 
•11: Alhcrtiii. (1.. Htadingiion, M. and Orio. A. A. Iiwrfj. Chcm.., 1975, 14i 1411. 

[IS)] AddiMMi. A.W.. Ih-iidriks. 11. M.. Rcvdijk. .). and Tlioinpson, L-K. Inorg. Chan., 
1981, M). 103. 

{20] PIc'scIk (i.. I‘Vi<' Svajlonova. 0.. Isiaisina-Smogravic, -1. and Mlynaicik, 

1). huny. Chiin. Aria. 1988. 151. 13!). 

[‘21] llal!iaus('n. ('..J. Iiil rodiiclion lo Ingaiid Field Theory, McGraw-Hill, New\oik, 
]‘)G3. p]). 108, Rl--). 

[22] Barl.ncci, R. and Campbell, kk.l.M. Inory. Chiw. Ada. 1975, 25,^L15; Bar- 
l>ncci. H.. IR'iicini. .V. and galtosclii. 1). hiovy. Chem.. 1977, 16, 2117, Bencmi, 
.\.. Bmtini. 1.. Cal tesclii, I), and Srozxalava. A. hwry. (.Vian.,1978, 17, 3194. 


[23] llmi. k\ and Skapski. A.(k ./. (■hna. Soe. (A). 1971, 1927. 

[21] lUmkr. W. Krcmcr. S. and RcIikmi, D. hiory. Chan., 1983, 22, 2858. 

[2.5] Arritortna, M.I.. Mesa, .1.1., Rojo, T., Dabaordcmacker, lA, Beltran-Poitei, D., 
.Siralcmcier. II. and Rcincn, 1). hwry. Chem.. 1988. 27. 2.)76. 

[•26] Ilatbaway. B..). aiul Slc'idtcns. F.S. ./. Chrm. Sne. (A), 1970. 884. 

[27] Plosc-b. C.. kViobol. C., Svajlonova. 0. and Kralsma-Smogravic. J. Polyhedron, 

1991. /d.893. 

[28] P<Msad., .1. and IllumbcMg, W.E. Arch. Biochan. Biophys., 1974, 165, 691. 

[■29] Batra, G. and Matliur. P. Inovy. Chan., 1992, 31, 15 (O- 

130] S„k.,.,..hi, .n,l Adai,o„, A.W. »™.. .SV. 1976, 600. 

Scnai, T.N'.. a, D.L. »,ul O'CA.,,,.,., C:..,. ,„.r, 1984, 100. 

(3-21 S„n-o„. ■r..N.. OX'nn,,.,.. C..,.. .An.,., O.IA nn„ .VH. 

dicnh Soc., 1985, 107. -1199. 

[33] 'rrotter. .1. and WhiBow, S.B. J- Che.m. Soc. (.A), 1970, 4 >5 

1 11 p ; :\nr. ('hem. Soc., 1977, 99, 

[31] Allen. H.W.. O-Brien. .l.P. and Alkock, B.R. • ■ ^ 

3087. 


M2 



[.i)] holler, .). rind Wliiilow, S.li. CIkiii. Soc. (A). 1970, '155. 

(.d()] Ihiljiti. C. and Zalxd, v. Cnjsi. Slrucl. Comnnm., 1976, Ij, 671. 

[37] Dlialliatlirevaii. K.S.. Krishnannirlliy. ,S.S.. Vasudevamnriliy. A.Ih, Cameron, 
1 ..S.. ( hall. ( .Sliaw, R..A. and IVood.s, .M. hVirm. Soc. (.'linn. Oommvn., 
1980.231. 

[3^] Hulk'll, (i..).. haiiii. P.lv., I’A’ans, M.lj., lluvsl house, M.H., Shaw, R.A., Wait, 
K. and WoihIs, .M. and Yu, 11. S. Z. •((liinjomh., 1976, 31b, 995. 

[39] Pol t ier. A'., Alalrenx. .A. and Petit, F. J. Oirjavoincl. Chcm., 1989 , 370, 333; 
.SU'phan. I).\\ . C'onrd. Chnn. Rni.. 1989. 05. ll; Park. S.. .John.son, M.P. and 
Honiidliill. D.M, Orfianoiiu liillic.^. 1989. A'. 1700. 

[ iO] Hiilluck. H.M. and Casey. C.i’ .Irr. CIkw. /?r.K.. 1987. 20. 167; C ;a.sey, C.P. and 
N’iei’. 1'. OiijonoriK liilUcft. 1985. 121 S. 

[•ll] Kalli. K.\A and Cavell. R.C. ('oniwnilfi Inoiy. ('hem., 1990. 10, 53. 

[12] Organ. (kjoper, M.K., Ilcnrirk, K. and MePartlin, M. J. Chem. Soc. 

Dalton Tran.^.. 1984. 2377. 

[■13] Aliller. T.M.. Kazi.. .)..A. aiul Wrighlon. M.S. Inorg. ('hnii. 1989. 23, 2317. 

[•11] Pear.son. R.C.. J. (dhon. D(hi(:., 1987, 6'./, .561: Pearson, R.G. J. Chem. Educ., 
1968, ,/.7, -581. 613. 

[1.5] Hrondiiio. ( M).. Casndo, N.M.C., Pas.scggi. .M.C.G. and (’alco. R. Inorg. Chem., 
1993, 3:2, 2078. 

[■16] Wang. S.. 'hriranier. S..)., Zheng. .I-C.. Pang. 1. and Wagner. IW..J. Inorg. Chem., 
1992. .7/. 21 18. 

[•17] Cosie.s. .J-P.. Dahan. F. and l.anrenl. .1-P. Inorg. Chem.. 1992. 31, 284. 

[48] Pahor. .Y.H.. (.killigaris, M. and Randacio, 1.. J. (.'han. Soc. Dalton Trans., 

1976. 72.5: Hunter. G.. Me-Anley. .A. and W hitcomhe. 1 .W . Inorg. Chem., 

1988,27.2631. 

[19] Malin. D.S.. HronP'. . 1 . 1 .., Rusk, F-M. and .laeohson, R.A. Ada Crystallogr., 
1975. .7//;. 2.538. 



M.. Siiias. SniiclK.-/,. M.|>.. A,l.. and Solans, X. Inorg. 

('hull. Acid. 1093. 


m 

[ol] II. U,. Suszko, P.T., Wagner, L..]., Wlrit.tlc, R.R. and Boso, B. 

OriiiniDiiK hillics, 1985, I Ki. 

[•Vi] -Ail. w.l;. 11. H.. WagiK'r. L..). and Levin, M.L. . 1 . Am. Clum. Soc., 1983, 105, 
I3il. 

[ml] .Alle.n k. II. R.. Sns/.ko. P.T.. Wagner. L..].. Wliillle. R.R. and Bo.so, B. J. Am., 
('him. .W.. lOSd. lOfL UHAh 

[51] Saraeeno. R.,\., Riding, (l.II., .Allcock, II. R. and Ewing, A.G. J. Am. Chem. 
.Sor.. 1988. 110. f)S0. 

[5-5] Zancllo. R. Commivl.^ Inonj. Chnn.. 1988. S. 1-5. 

[■'■>(•] '/. anello. R. In .Hi ri orlic !ni.‘‘h'!j nf ChgavomrialJic and Inorfinnic Compounds, 

Ed. Bc'iiial. 1.. l',ls('vi('r. .Ainslerdain. 1990. rol. j- RP- li^l- 

[•57] CaNt'lla. 1... (iullolli, .M., Rinlor, .A., Riiiciroli, R., A'igino. R. and Zanello, P. J. 
('ill III. ,SV)r. Dalian Trnii.i)., 1989, 1161: Takalmshi, K., Ogawa, E., Oishi, N., 
Nisliida. A’, and Kida, S. Inorg. Chim. Ado, 1982, 66, 97. 

[58] Banci. L., Bnicini, .A., Bcnclli, C., GaMesclii, D. and Zanchini, G. Struct. Bond- 
ing (Birlhi). 1982. .7i, •'17. 

[59] Ilaf Iiawa.\'. H.-J. J. Chnn. Snr. Dallon Trnn.^. 1972. 1195. 

[GO] Saecuni. 1... .Maiii. k'. and Benzini. .-A. In (.'oinprdK n■■^iv( Coordination Chem- 
i.‘ilr!i. Rt'rganion Rross, Oxford 1987, voJ. 5, pp. I. 

[61] Dori. Z. and C;ra.y. II.B. J. dm- Chnn. Son, 1966, S8, 1394. 

[62] Ilerning. D.G.. Rat more, D..I. and Slorr. A. J. Chnn. Son Dailon Trans., 1975, 
711. 

[63] A'okui. II. and Addison. A.W. hioig. Chnn.. 1977. 16. 1311. 

[61] Kiwlson. I). and Nieman. R. J. ('hnn. Phy.^. 1961, 65. M9. 

[6-5] Billing. D.E., Ilailiaway, B.J. and Niciiolls. P. J. Chnn. Soc. (A), 1969, 316. 

[66] Rodgers. J. and .lacohson, K.A. J. Chan. Son (A). 1970, 15>26. 


lU 



.1,. H. iMikrr. I.B.. KalH'solia. M. Kohout., J, l^angfcldarva, H. 

Mrlinl;. M, ■,!(,!. M. ai.d Valacli. F. Coord. Chrw. ICr.. 1976, ).9, 253. 

Miuii. N.\'.. .Minirtl. F.U. and Barnes, W.A. Ada Cryslallogr., 1965, 19, 693. 



Chapter 5 


Substituents at the Pyrazole Ring: Electronic or 
Steric Influence on Coordination Behavior? 


At this stage it would be premature to attribute the differences to effects of 
the kind we are looking for, but it would be equally premature to give up the 
search." 


-Henry Taube, In Complex Ions in Solution, 1970. 

5.1 Introduction 

Since the development of the Werner theory of coordination compounds chemists 
have accepted the concept of the preferred coordination number for a metal in a 
given formal oxidation state. This is understandable since the typical inorganic lig- 
ands Oir, H 2 O, NH 3 , CO, CN" etc.] are comparatively small allowing high 

coordination about a central atom to be achieved without undue intramolecular con- 
gestion. From recent more elaborate studies involving organic polydentate ligands it 
has become increasingly apparent that steric effects may become very important. It 
was shown in many instances, that the tendency of a metal to achieve a higher coordi- 
nation by means of bridges could be frustrated by systematically exploiting the steric 
effect with judicious design of a ligand [1]. Such coordinatively unsaturated com- 
pounds may exhibit unusual chemical properties due to powerful electronic factors 
and find use in catalysis [2]. In the hemc-protcin modelling studies several model por- 
phyrins with varying structural complexities such as picket-fence, capped, strapped 
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etc. liave been used to prevent the irreversible formation of /eoxo bridge [3]. By steric 
blocking one or both faces of the porphyrin, close approach of two porphyrin rings 
and therefore, /r-oxo bridge formation has been averted. Thus the studies related to 
the evaluation of the steric factor on the structure activity relationship among simple 

coordination compounds become more important. 

W ith polypyrazolyl borate ligands a great degree of control on the environment 
of the chelated metal is achieved through appropriate substitution in the 3-, 4- and 
5-posilions of the pyrazole ring [4]. It has been shown clearly that introduction 
or removal of substituents on 3-position of pju’azole ring had a direct impact on 
accessibility of the coordinated metal to other reactants [4]. This chapter comprises 
the results of our studies related to the above theme. 

In the preceding chapter the coordination behavior of pyrazolylcyclotriphospha- 
zene ligands derived from 3,5-dimethylpyrazole and various cyclotriphosphazene pre- 
cursors has been described. All these ligands have two methyl substituents at the 
three- and five-position of the pyrazole ring. To see wliether these methyl groups 
have any influence on the ligating properties and on the geometry and characteristics 
of the metal complexes, two ligands hexakis(l-pyrazolyl)cyclotriphosphazene (hpctp) 
and 2,2-diphenyl-4,4,6,6-tetrakis(l-pyrazolyl)cyclotriphosphazene (tpetp) were pre- 
pared from pyrazole and appropriate halogenocyclotriphosphazenes. The coordina- 
tion compounds of hpctp and tpetp will be described in this chapter. Figure 1 gives 

the line diagrams of the ligands hpctp and tpetp. 

Both hpctp and tpetp were expected to form five-membered chelate rings similar 
to hdpctp and tdpetp. The only diffei-ence between hpctp and tpetp is the reduction 
of number of pyrazolyl groups attached to cyclotriphosphazene skeleton. The tpetp 
contains only four pyrazolyl groups while hpctp has six. The absence or presence 
of the peripheral methyl groups in pyrazolyl ring may influence the coordination 
behavior in two different ways. In the first place, the absence of methyl groups 
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especially at the tliird-position of pyrazolyl ring which is very close to the coordination 
site (pyrazolyl pyridinic nitrogen) may relieve the steric hindrance forbidding the 
formation of complexes with ligand to metal ratio 2:1. Of course, there may be 
a secondary effect with regard to the coordination behavior resulting due to the 
absence of S-CUs group in the the packing of the complexes in crystals. In the second 
place the pyrazole ring and thus the cyclotriphosphazene ring might be electronically 
influenced by the absence of electron donating methjd groups. The net electronic 
effect might be a diminished basicity of the cyclotriphosphazene skeletal nitrogens. In 
this context it is interesting to see how strong the cyclotriphosphazene ring nitrogen- 
metal interaction will be. The ligand hpctp has been prepared earlier by Paddock 
and co-workers [5] but no coordination compounds were reported and tpctp has been 
prepared by us for the first time. 




Figure 2: Reactions leading to the synthesis of the ligands hpctp and tpctp 

5.2 Synthesis of the Ligands 


The ligands hpctp and tpctp have been obtained by nsing the conventional nucle- 
ophilic substitution .eactions of halogenocyclotriphosphaaenes with tunino compounds 
as schematized in Figure 2. The methodology is exactly same as that employed to 
prepare hdpctp and Idpctp ligands. Use of slight excess of triethylamine incr«.ed the 
yield of the pyrazolylcyclotriphosphasene ligands probably by facilitating the mp- 
ture of the P-Cl bond. Larger duration of reaction time is required to get appreciable 


yield of tpctp when compared to hpctp. The sluggish reaction of NsPsPhsCU w.th 

pyrazole may be attributed to the electron withdrawing phenyl substituents on the 
phosphorus which would enhance p.-d. bonding interaction between the exocychc 
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Figure 4: Carbcn-13 NMR spectra of the ligands (a) hpctp and (b) tpctp 
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halogen and phosjjhorus. 

In the piolon NMR spectra of the ligands, the hydrogens associated with the 
pyraxoiyl nuclei give raise to three separate signals owing to the inequivalence of 
hydrogen in the 3-, 4- and 5-positions. The high field triplet at 6.23 ppm is assigned 
to the proton in the 4-position while the two doublets at ~7.73 and ~7.90 ppm are 
ascribed to the 3- and 5-hydrogens respectively. The proton NMR spectra of the 
ligands hpctp and tpctp are displa 3 'ed in Figure 3. The proton NMR spectrum of 
tpctp also shows peaks corresponding to the phenyl groups in the region 7.29-7.81 ppm 
as a multiplet. 

Similarly in the carbon-13 NMR (noise decoupled) spectra of the ligands the three 
carbons of pyrazolyl group are well diirercntiated and appears at ca. 108, 135 and 
146 ppm respectively. In tpctp additional peaks appear due to phenylic carbons in 
the region 120-150 ppm. The NMR spectra of the ligands are given in Figure 4. 
Final conclusive evidence for the structure of the ligands is derived from phosphorus- 
31 NMR spectra of them. The hpctp in which all the three phosphorus atoms are 
chemically equivalent show a singlet at 1.2 ppm, while the diphenyl derivative tpctp 
exhibits two different signals arising due to PPh 2 and PpZ 2 groups. The approximate 
intensity ratio of them is 1:2 consistent Avith the presence of two Ppz 2 moieties in the 
ligand tpctp. 

5.3 Coordination Compounds of hpctp and tpctp 
5.3,1 General 

The multidentate ligands hpctp and tpctp have three-bond bites between the pyra- 
zolyl and cyclotriphosphazene nitrogen atoms. The size of the chelate rings are ex- 
actly same as in the ligands hdpetp and tdpctp which are described in chapter 4. The 
ligands hpctp and tpctp are prepared from simple pyrazole, and therefore, lack the 



l^ble 1: Colors, nature, magnetic moment and conductivity data of the complexes 


compound 

color 

nature 

Pm(BM)* 

A„t 

hpctp-2CoCl2 

violet blue 

crystalline 

5.02 

12 

tpctpCoClj 

dark blue 

crystalline 

4.91 

6 

tpctp*CuCl 2 

bluish green 

amorphous 

1.78 

17 

tpctp-PtClj-CuGla 

yellowish green 

micro-crystalline 

1.76 

86 

tpctp- CuBr 2 

yellowish brown 

amorphous 

1.72 

18 

[tpctp]2-Cu(C104)2 

blue 

amorphous 

1.83 

236 

tpctp-Cu(Ci 04 ) 2 * 2 py 

blue 

amorphous 

1.80 

242 

tpctp-Cu(C 104 ) 2 * 2 ImH 

dark blue 

crystalline 

1.87 

254 

tpctp-Cu(C 104 ) 2 -bipy 

blue 

amorphous 

1.85 

246 

tpctp-Cu(C 104 ) 2 phen 

blue 

amorphous 

1.80 

244 


* for dichloromethane solution 
^ for acetonitrile solution, unit: (mho cm^ mol"^) 


methyl groups at the three- and five-positions of the pyrazole ring. The coordination 
behavior of these ligands is strikingly different. Except a dinuclear cobalt complex, no 
other <XK)rdination compound could be obtained from hpctp, which is soluble in or- 
dinary common solvents to enable thorough characterization. The insolubility of the 
complexes points out their polymeric nature. However, a series of metal derivatives 
have been synthesized with the ligand tpctp. The complete listing of coordination 
compounds along with their color, nature, magnetic moment and conductivity data 
is given in Table 1. The ligand tpctp forms a complex with the copper(ll) perchlorate 
hexahydrate with the metal to ligand ratio 1:2. But when this complex is allowed to 
react with monodentate or bidentate nitrogeneous bases it breaks down to form com- 
plexes with the general formula tpctp.Cu(C 104 )rnNB, where NB is any heterocyclic 

nitrogen base such as pyridine, imidazole, etc. 
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5.3.2 Spectroscopic properties of the complexes 

The infra-red spectra undubitably demonstrates that in all the complexes described 
in this chapter both the cyclotriphosphazene and pyrazolyl nitrogens participate in 
coordination. Thus a band ascribed to P=N stretching frequency is split into at least 
two components and the one of C==N stretching band is shifted to higher energy. In 
the copper{ll) perchlorate derived complexes the appearance of single broad band at 
around 1100 cm * and a sharp singlet at 620 cm~^ strongly supports the presence 
of uncoordinated perchlorate anions [6]. This is tJso evident from the conductivity 
data for the acetonitrile solutions of them given in Table 1. From the conductivity 
data it is also deduced that the metal(ll) halide complexes behave as non-electrolytes 
except the heterobimetallic derivative tpctp-PtClj-CuCb. The tpctp-PtCl 2 -CuCl 2 
shows appreciable conductivity owing to the decomposition of one or two metal- 
haJogen bonds. It is difficult to identify which metal (platinum or copper) severes the 
tie with the chlorine from the conductivity experiment. However, later using EPR 
we will demonstrate that one chlorine attached to copper is replaced by acetonitrile 
to produce a 1:1 electrolyte [7] in appreciable quantities. The magnetic moment 
values are appropriate for S=l/2 and 3/2 spin states for copper and cobalt complexes 
respectively [8, 9]. 

Optical absorption spectroscopy 

The electronic spectral data for the complexes axe presented in Table 2 with probable 
assignment of each band. In general all the complexes exhibit two bands attributable 
to the pz Cu charge transfer at ~270 nm and 360 nm [10]. The intensity of 
the higher energy band (270 nm) varies significantly according to the presence of 
additional ligands such as chlorine, imidazole, bipyridine, etc. suggesting other charge 
transfer transitions, eg. Cl Gu, phen - Cu do occur in the same wavelength. The 
d-d band of the copper(ll) halide complexes of tpctp, is broad and extending into the 
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near- 1 R region, is characteristic of copper chromophore with < 1 * 2 ground state [8]. 
The d-d band of copper{ll) perchlorate complexes is slightly shifted to higher energy 
and all of them show band maximum at around 650 nm and is demonstrative of 
distorted tetragonal geometry. For the complex tpctp Cu(C 104 ) 2 - 2 ImH distinctly a 
low energy shoulder at ca. 810 nm is also seen. This may be interpreted as copper in a 
square pyramidal geometry [11] with a Ns chromophore. Striking difference between 
the complexes tdpctp-Cu(C 104 ) 2 * 2 H 20 and [tpctp] 2 -Cu(C 104)2 is that, in the latter 
Table 2: Electronic Spectral data 


compound 

solvent 

band * 

assignment 

hpctp- 2 CoCl 3 

CH 2 CI 2 

1050 (0.016) 

d-d 



597 (0.140) 

d-d 



560sh 

d-d 



260sh 

pz — + Gu l.m.c.t. 



234 (18.51) 

TT-ff ligand 

tpctp-CoCla 

GH 2 CI 2 

1040 (0.008) 

d-d 



599 (0.072) 

d-d 



554sh 

d-d 



266sh 

pz Cu l.m.c.t. 



232 (13.25) 

TT-TT ligand 

tpctp-CuCIa 

GH 2 CI 2 

903 (0.192) 

d-d 



360 (2.030) 

pz -♦ Gu l.m.c.t. 



273 (6.370) 

pz — ^ Gu l.m.c.t. 



233 (14.050) 

jr-TT ligand 

tpctp-CuBr 2 

GH 2 GI 2 

877 (0.203) 

d-d 


562 (0.345) 

d-d 



425 (3.260) 

Br — » Gu l.m.c.t. 



364 (2.820) 

pz —* Gu l.m.c.t. 



276 (3.890) 

pz — ^ Gu l.m.c.t. 



232 (13.960) 

x-x ligand 


(continued ) 
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Table 2: contijnu'd 


compound solvent 

tpclp-PtCIs-CuCb ClIaCN 

[lpctp]-Cu{C104)2 CII 3 CN 

lpctp*Cu(C 104 ) 2 ' 2 py CH 2 CI 2 

tpctp-Cu(C104)2-bipy CIIgCN 

tpCtp'Cu(C104)2"P^®'^ CH 3 CN 


band * 

assignment 

774 (0.148) 

d-d 

450sh 

d-d 

360 (1.960) 

pz — > Cu l.m.c.t. 

262 (3.890) 

pz —* Cu l.m.c.t. & 
Cl — » Cu l.m.c.t. 

224 (15.130) 

TT-w ligand 

750 (0.108) 

d-d 

360 (2.120) 

pz — ^ Cu l.m.c.t. 

268 sh 

pz — > Cu l.m.c.t. 

223 (12.530) 

x-TT ligand 

694 (0.086) 

d-d 

368 (1.980) 

pz — ^ Cu l.m.c.t. 

263 (4.320) 

pz — h Cu l.m.c.t. ^ 
py — h Cu l.m.c.t. 

234 (15.520) 

x-x ligand 

671 (0.052) 

d-d 

365sh 

pz ^ Cu l.m.c.t. 

310 (4.370) 

bipy — h Cu l.m.c.t 

260sh 

pz -i- Cu l.m.c.t. 

225 (17.740) 

x-x ligand 

666 (0.056) 

d-d 

367 (2.080) 

pz Cu l.m.c.t. 

275 (10.080) 

pz Cu l.m.c.t. 
phen -+ Cu l.m.c 

223 (14.820) 

x-x ligand 


* units: Xmax W 


and 'Viftin paianHieses in mol * cm-' xlO’ 


compound the band maximum ia blue shitted at least -SO nm and shows no sol- 
vent dependence. This indicates the incrna^ liS-d Md strength in the coord- 
nation square. The resemblance of the position of the d-d band w,th mtrogeneous 
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base adducts rat her than the aquo adduct previously characterized with tdpctp sup- 
poils the proposal of a N, basal plane in the octahedral geometry. The d-d band 
of the hcterol>inictallic compound tpctp-PtClrCuClj is quite different from that of 
tpctp-CuCla- The value (774 nm) suggests more than three nitrogens partic- 
ipation in coordination probably arising from the involvement of acetonitrile apart 
from the two geminal pyrazolyl and one cyclotriphosphazene nitrogen nitrogens. This 
is reasonable while considering the preparative route and solubility of the complex. 
This hctcrobimctalic compound has been obtained by treating the platinum precursor 
tpctp'PtCl2 with CuClj. When tpctp-CuCb was treated with Pt(PhCN)2Cl2 it failed 
to produce tlie heierobimetallic derivative. This establishes that in tpctp-CuCb a 
non-geminal N3 coordination from ligand to metal causes the unused pyrazolyl groups 
not suitable for coordination to a second metal. However in the square planar plat- 
inum dcriv’ative tpctp-PtCl2 only two geminal pyrazolyl groups participate in coordi- 
nation to platinum [12] and leaves other two geminal pyrazolyl groups appropriate for 
second metal uptake. But the insolubility of the complex in most common organic 
solvents indicates halogen bridged polymeric structures in the solid state. This is 
also consistent with the EPR studies. The electronic spectra of the cobalt complexes 
hpctp-2CoCl2 and tpctp-CoCl2 are essentially superimposable and acceptable for a 
high-spin trigonal bipyradimal chromophore [ 9 ]. This estimate is further confirmed 
by an x-ray crystal structure determination of tpctp-CoCl2 {vide infra). 

Electron paramagnetic resonance spectroscopy 

The EPR spin hamiltonian parameters for the copper complexes are given m Ta- 
ble 3 . The EPR spectra of the copper halide complexes, including the heterobimetal- 
lic derivative tpctp-PtCla-CuCb are isotropic in solid state and no useful information 
regarding the structure can be extracted from them. However, the heterobimetallic 
compound tpctp-PtCli-CuCla displayed well resolved EPR spectra in acetonitrile 
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Tabic 3: EPR spin hainiltonian parameters for the copper complexes of tpctp 


compound 

medium 

g|| 

gi 

Ay 

8*50 

A- 

[tpcti>]rCu(C104)2 

powder 

2.296 

2.067 

160 






CII 3 CN 

2.281 

2.072 

165 

2.134 

— 

tpclp-Cu(C 104 ) 2 - 2 Imn 

powder 

2.264 

2.039 

170 






CII 3 CN 

2.265 

2.040 

160 

2.155 

73 

tpctp-Cu(C104)2-py 

powder 

2.267 

2.067 

160 

— 

— 


CH 3 CN 

2.272 

2.056 

175 

2.161 

68 

tpctp-Cu(C 104 ) 2 -bipy 

powder 

2.258 

2.040 

175 

— 

— 


CII 3 CN 

2.257 

2.053 

172 

2.145 

80 

tpctp-Cu(C 104 ) 2 -phen 

powder 

2.262 

2.054 

170 

— 

— 


CH 3 CN 

2.264 

2.056 

168 

2.146 

75 

tpctp-CuCl 2 

powder 

— 

— 

— 

2.123 


tpctp-CuBr 2 

powder 

— 

— 

— 

2.125 


tpctp-PtCl 2 -CuCl 2 

powder 

— 

— 

— 

2.126 



CH 3 CN 

2.270 

2.059 

148 

2.132 

58.3 


showing necessary features that are useful in the estimation of the structures. Figure 5 
shows the liquid nitrogen temperature x-band EPR spectrum of tpctp-PtCb'CuCb 
in acetonitrile solution. The well resolved lineshape is indicative of a S=l/2 para- 
magnetic species in an axial symmetry (gy >gi) with hyperfine resolution m the 
parallel region; a poorly but informative resolution of nine superhyperfine lines is 
also detectable in the perpendicular region. The overall lineshape is accounted for by 
magnetic coupling of the S=l/2 unpaired electron with the copper nucleus (1=3/2); 
the minor superhyperfine multiplet is attributable to the electron spin interaction with 
four nitrogen nuclei (1=1) (theoretical intensity of ratio = 1:5:10:14:19:14:10:5:1). The 
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second derivative 


analysis affords a better resolution of the absorption pattern and gives the experi- 
mental values of the Ax(N) superhyperfine coupling constant. The poor resolution 
of the spectrum in the perpendicular region and corresponding linewidth are consis- 
tent with the nonmagnetic equivalence of the four coordinating nitrogen nuclei, as 
confirmed by computer simulation. The computed spectrum is shown in Figure 5(b). 
This further supports the proposed trigonal bipyramidal arrangement of the copper 
environment with the three nitrogens originating from two geminal pyrazolyl groups 
and one acetonitrile molecule lying in the equatorial plane (higher Ax(N) and the 
fourth one of the cyclotriphosphazene nitrogen occupying an apical position. The A|| 
values suggest that the distortion may be more towards square pyramidal geometry 
with the weak axially interacting cyclotriphosphazene nitrogen. The parameters of 
the simulated spectrum are: 


git = 2.270 

g„„. = l/3(g||+2gi) = 2.130 
All = 148.0 G 

Aa„e = l/3(A,|+2Ax) = 56.0 G 
All (3N) = 4.0 G 
A|| (N) = 3.7 G 


gx = 2.059 

Ax = 10.0 G 

Ax (3N) = 13.8 G 
Ax (N) = 12.7 G 


Figure 5c shows the room temperature x-band EP R spectrum of acetonitrile solu- 
tion. Both the first and the second derivative spectrum are poorly resolved and do not 
exhibit superhyperfine resolution. The relevant isotropic parameters (g, 3 o — 2.132, 
Ai,o = 58.3 G) well fit the liquid nitrogen temperature ones. 

The EPR spectra of the copper perchlorate adducts are also axial with g|j >gx 
suggestive of a d. ground state. All the complexes exhibit very similar pat- 
tern (Figure 6] with three parallel lines and a broad line in the perpendicular region. 
It is surprising to note that there is no progressive decrease m the g|| value or in- 
crease in the A|| value on substitution by various electron rich nitrogen bases, as that 
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dpph 

I 


'dpph 


fTi 


lOOG 


n /mn 'i in acetonitrile [as fluid (a) and 

Figure 6: EPR spectra of an^tpctp-CutCl^^ solid state (d) 

frozen (b) solutions] and m solid state (cj an 1 
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observed with tdijctp complexes. It is assumed that in tdpctp complexes the trends 
ob.served with the g„ and A,, values mainly arise due to the steric role played by the 
methyl subslilueiiis at the 3-po.sition. Thus in the complexes tdpctp-Cu(C 104 ) 2 - 2 NB 
{NB=pyridiiK‘ or imidazole) tlie 3-methyl groups of the pyrazolyl ring severely in- 
Iciact with the imidazole or pyridine molecules to result in considerable tetrahedral 
distoitioii and thus low A|j values and higher gy values [15]. However, with bipyri- 
dine and phcnanlhroline adducts the rigidity of the exogenous ligands (bipyridine or 
phcnanthrolinc) outweigh the steric encumbrance. Since this steric effect is no longer 
operative with tjjctp tlie equatorial plane is not much distorted leading to high A|| 
values irrespective of tlie complex. The Ay and gy values match well with analogous 
tetragonal compounds reported in the literature [13,14] and is suggested that these 
complexes jiossess a N 4 equatorial environment with weak axial interactions from 
cyclotriphosjrhazene nitrogens. The equatorial plane might be derived from nongem- 
inal cis pyrazolyl groups of the ligand tpctp and two nitrogens from the exogenous 
bases such as imidazole, pyridine, bipyridine etc. 

5.3.3 Electrochemistry of the hetero dimetal complex 
tpctp PtCl2CuCl2 

The unusual EPR spectral observations of the complex tpctp-PtClj-CuCls prompted 
us to investigate the electrochemical mechanism of it. The redox pattern exhibited 
by this heterodimctal complex is also very interesting. As illustrated in Figure 7, 
in acetonitrile solution it undergoes three subsequent cathodic steps at peaks A, B 
and C respectively. Controlled potential coulometric tests served to elucidate overall 

reduction path. 

The catho-anodic peak-system A/G proved to involve a chemically reversible elec- 
tron transfer, in that controlled potential electrolysis (Ew=0.0 V) consumes one elec- 
tron per molecule- Concomitantly the initially EPR-active (see section 5.3.2), yellow- 
green solution turns colorless and EPR silent. Such final solution exhibits a cyclic 
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Figure 7 : Cyclic voltammograms of tpctp-PtCl2-CuCl2 in acetonitrile 
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voltammetric profile quite complementary to that illustrated in Figure 7c. Subsequent 
exhaustive one-electron reduction at the second cathodic step (Ew=-1.0 V) causes de- 
position of copper metal on the microelectrode surface. The resulting solution displays 
only the reduction process C, which we confidently assign to the reduction of the plat- 
inum(ll) centre, in analogy with the results on the platinum complexes of tpctp and 
tdpctp. Upon reoxidation of the electrodeposited copper metal (Ew=-f0.6 V), the 
solution restores the original voltammetric response shown in Figure 7. In summary, 
the overall redox propensity of complex tpctp-PtCla’CuCla is so schematizable: 

-f-e (A) -|-e (B) 

[L Cu(II) Pt(II)] IJZZi: [L Cu(I) pt(ll)]^- [L Cu(0) Pt(II)]2- 

-e (G) -e (D) 


Cu(0) 

+ [Pt(n)L]= 

-e |(E) 

(C) |+2e 

Cu{I) 

+ [Pt(0)L)<- 

1 

-e |(F) 

1 

Cu(II) 

degradation 


Finally a few points deserve comments, (i) The thermodynamically easy access 
to the Cu^Pt^^L (L=ligand) congener is quite uncommon, particularly when com- 
pared with the corresponding complex hdpctp*CuCl 2 *PtCl 2 , which under the same 
experimental conditions, undergoes the [Cu^^Pt^^L]/[Cu®Pt^^L]*“ reduction process 
through a single-stepped irreversible process (Ep=-0.55 V), without any stabilization 
of the intermediate mixed- valent species [Chapter 4]. This is likely attributable to 
the electronic factors arising from the substitution of two pyrazolyl groups for two 
electron- withdrawing phenyl groups and removal of methyl groups from 3- and 5- 
positions of pyrazole ring, which makes easier the addition of electrons, (ii) The anal- 
ysis of the peak system A/G with scan rates varying from 0.02 Vs ^ to 2 Vs ^ shows 




that the peak-to-peak separation progressively increases from 140 mV to 315 mV. 
This high departure from the constant value of 59 mV expected for an electrochem- 
ically reversible one-electron transfer denotes that a considerable geometrical strain 
accompanies the [Cu^^Pt^^L]/[Cu°Pt^^L]^“ redox change [16]. 

5 . 3.4 Crystal structure of tpctp C0CI2O.5CH2CI2 

The molecular geometry and the atom labelling scheme for the title complex is illus- 
trated by Figure 8. The crystal data is given in Table 4. 

The geometry around the cobalt is distorted trigonal bipyramidal with two ni- 
trogen atoms from the nongeminal cis pyrazolyl groups, two chloride ions and one 
cyclotriphosphazene nitrogen. Interestingly the equatoi'ial plane is constituted by two 
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nongeminal pyrazolyl nitrogens and one chlorine. The cobalt atom lies slightly out of 
the equatorial plane in the direction of the Cl(2) atom. The equatorial arrangement 
is in contradiction to the earlier observations with the ligands tdpctp and hdpctp. 
In the copper complexes of hdpctp and tdpctp the nongeminal pyrazolyl nitrogens 
occupied the axial positions thus leading to large Np,-Cu-N,* angle (^159®). In the 
present case the Np^-Cu-Np^ angle is narrow and is significantly smaller (114.03(14)°). 
This probably arises due to the absence of methyl groups at 3-position of pyrazolyl 
ring which generally prevent the formation of more tighter angle. The cyclotriphos- 
phazene nitrogen-metal interaction is weak as is manifested in the long bond length of 
Co-N(l) [2.419(3)A]. This forms the longest M-Nctp bond observed in the work con- 
tained in this thesis. The environment of the metal ion is significantly distorted from 
that of a regular trigonal bipyramid. The main axis [N(l)-Co-Cl(2)] is much deviated 
[167.43(9)°] from the expected angle 180°. There is another evidence of distortion 
along the N(l)-Co-Cl(2) axis as the Co-Cl(2) bond is lengthened to 2.2859(15)A 
from 2.2709(14)A for the equatorial Co-Cl(l) bond. The occurence of two differ- 
ent cobalt-nitrogen distances, namely Co-Np^ and Co-Nctps makes more evident 
this distortion. Significant deviations from idealized orthogonal geometry are foimd 
at the cobalt atom in the five-membered chelate rings CoN(l)P(l)N(51)N(52) and 
CoN(l)P(3)N(31)N(32), 77.30(13)° and 75.85(13)° for N(l)-Co-N(32) and N(l)-Co- 
N(52) respectively. The average Co-Np^ distance [2.050(4) A] is shorter than that 
observed for nickel complex tdpctp-NiClj but greater than that of copper(ll) com- 
plexes described in the earlier chapter. The selected bond angles and distances are 
tabulated in Table 5. 

The pyrazolyl rings of the tpctp ligand are planar as expected with deviations from 
the mean planes not greater than 0.026A. However the cyclotriphosphazene ring 
conformation is nonplanar with the N(2) atom displaced -0.133A out of the plane 
defined by the remaining atoms, P(l), P(2), P(3), N(l) and N(3). The cyclotri- 
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□Ta M-€ 4i Crystal data, for tpctp-CoCl2-0.5CH2Cl2 
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Table 4: Selected interatomic distances in tpctp-CoCl2-0.5CH2C]2 


metal environment 


Co-Cl(l) 

2.2709(14) 

Cl(l)-Co-Cl(2) 

106.44(5) 

Co-Cl(2) 

2.2859(14) 

Cl(l)-Co-N(l) 

85.98(9) 

Co-N(l) 

2.419(3) 

Cl(l)-Co-N(32) 

113.74(11) 

Co-N(32) 

2.038(4) 

Cl(l)-Co-N(52) 

122.90(11) 

Co-N(52) 

2.062(4) 

Cl(2)-Co-N(l) 

167.43(9) 

Cl(2)-Co-N(32) 

98.42(11) 

Cl(2)-Co-N(52) 

95.57(11) 

N(l)-Co-N(32) 

77.30(13) 

N(l)-Co-N(52) 

75.85(13) 

N(32)-Co-N(52) 

114.03(14) 




phosphazene ring 


P(1)-N{1) 

1.586(3) 

N(l)-P(l)-N(2) 

121.16(19) 

P(l)-N(2) 

1.548(4) 

N(2)-P(2)-N(3) 

115.03(19) 

P(2)-N(2) 

1.621(4) 

N(l)-P(3)-N(3) 

119.94(18) 

P(2)-N(3) 

1.615(4) 

P(l)-N(l)-P(3) 

118.64(21) 

P(3)-N(l) 

1.592(4) 

P(l)-N(2)-P(2) 

121.25(22) 

P(3)-N(3) 

1.551(4) 

P(2)-N(3)-P(3) 

122.74(23) 

mean values: 


N(31)-P(3)-N(41) 

99.58(17) 

P-Ne.o 

1.687(4) 

N(51)-P(l)-N(61) 

101.47(18) 


1.791(5) 

C(ll)-P(2)-N(21) 

105.78(20) 


phosphazene skeletal nitrogen participation in coordination affects the P-N bonds 
at the P(l)-N(l)Co-P(3) segment leading to the weakening of them as compared to 
the adjacent ones. The P-N bonds [P(2)-N(2) and P(2)-N(3)], associated with the 
phosphorus containing the phenyl groups are found to be longer [av. 1.618(4)A] than 
the analogous bond in the coordination compounds derived from tdpctp ligand. 
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5.4 Conclusion 


The ligand tpctp act as a tridentate ligand coordinating through two nongeminal 
pyrazolyl nitrogens and one cyclotriphosphazene nitrogen, as confirmed by the crys- 
tal structure determination of tpctp-CoCl2’0.5CH2Cl2. In the hpctp complexes also 
the ligand is believed to interact with the metal via N3 donor set <x>mprising two 
nongeminal pyrazolyl nitrogens and one cyclotriphosphazene nitrogen. But presence 
of too many coordinating sites and lack of steric crowding at the metal centre of re- 
sulting complexes lead to insoluble polymeric species. The principal effect of methyl 
substituent at 3 -position of pyrazolyl ring is two fold, (i) It prevents the formation 
of ligand bridged polymeric compounds, (ii) Removal of methyl groups at 3 -position 
makes the cyclotriphosphazene nitrogen less basic by electronic influence and is man- 
ifested in the longer Co-N^rp bond distance. Also from electrochemical studies it is 
mferred that less electronegative non-methylated pyrazolyl group coordination facil- 
itates the easy addition of electron onto the metal, thus, resulting in a redox flexible 
system. 

Although tdpctp and tpctp are very similar except for methyl substituents at 
prazolyl ring, the complex forming behavior is rather different. Electronic influence 
as well as steric hindrance may play a role in the observed differences, particularly 
formation of complex with ligand to metal ratio 2:1 from tpctp is a clear result of the 
absence of steric encumbrance. Large tetrahedral distortion seen in the tetragonal 
complexes of the type tdpctp-Cu(C104)2‘2EL where EL=exogenous nitrogen bases is 
virtually absent in the analogous complexes of tpctp as identified by spectral methods 
(optical and EPR). This also possibly orginates from steric effects. 

The coordination geometries of the metal ion in the metal(ll) halide complexes 
of tpctp and in the methylated analogue tdpctp are same (trigonal bipyramidal) but 
the arrangement of donors is signifantly different. Thus in tpctp-CoCl2‘0.5GH2d2 
the pyrazolyl nitrogens occupy equatorial positions and make smaller Np^— Co— Npz 
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Chapter 6 


Increasing the Spacer Length Between the 
Pyrazolyl Group and Cyclotriphosphazene 

Ring to Maximize Flexibility 


"Chaos is not at all a bad order because even though nothing can be found, 
nothing can be lost, either" 

-Julian Perkal 

6.1 Introduction 

The rich nucleophilic substitution reaction pathways encountered with the halogeno- 
cyclotriphosphazenes [1-3] pave the way for numerous side groups to be incorporated 
in cyclotriphosphazene skeleton without much difficulty. In the last two chapters we 
have described the ligands containing pyrazolyl groups directly attached to the cyclo- 
triphosphazene skeleton via phosphorus and their coordination compounds. There we 
found that the metals such as copper, cobalt and nickel accept a N 3 donor set, which 
is derived from two pyrazolyl groups and one cyclotriphosphazene ring nitrogen, from 
the ligand. Though the metal interaction with the cyclotriphosphazene ring nitrogen 
is weak, as reflected in the longer Gu-Nctp bond distances, it is pivotal in fixing the 
geometry of the complexes. It is felt that, by inserting an alkoxy chain between the 
pyrazolyl group and the cyclotriphosphazene skeletal phosphorus the flexibility of the 
ligand may be further enhanced. 
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To study the influence of enlargement of the chain between the pyrazolyl and cyclo- 
phosphazene nitrogens we have first planned to synthesize two ligands, a hypothet- 
ical hexakis(l-(oxidomethyl)-3,5-dimethyl)pyrazoIylcyclotriphosphazene (homdpctp) 
and hexakis(l-(2-oxidoethyl)-3,5-dimethyl)pyrazolylcyclotriphosphazene (hoedpctp). 

The former ligand could not be synthesized from any synthetic methods starting from 
l-(hydroxymethyl)-3,5-dimethylpyrazole and N3P3CI6 for the reasons discussed in the 
following section. In contreist, hoedpctp have been obtained in high yield and its lig- 
ating properties evaluated. In this chapter the copper and cobalt complexes of the 
ligand hoedpctp will be discussed. The schematic drawing of hoedpctp is given in 
Figure 1. 
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6-2 Synthesis of the Ligand 

At first we have tried to condense the l“(hydroxymethyl)-3,5-dimethylpyrazole with 
the hexachlorocyclotriphosphazene to obtain homdpctp. Unfortunately the reactions 
in the presence of either triethylamine or NaH failed to proceed in the expected 
direction (Figure 2). Indeed, in this reactions hexakis(3,5-diniethylpyrazoly)cyclotri- 
phosphazene, hdpctp has been isolated as a sole product. The identity of the product 
was established on the basis of mixed melting point with the authentic sample, 
and NMR spectra. This difficulty in the preparation of homdpctp using the 
above methods which mandate strong basic conditions is not surprising. The 1- 
(hydroxymethyl) p 3 ^razoles are generally considered as mere hydrogen bonded adducts 
of pyrazoles with formaldeh 3 ^de [4]. And the reactions of 1- (hydroxymethyl) pyrazoles 
with the divalent transition metal ions under basic conditions lead to extrusion 
of formaldehyde and formation of [M(Pz) 2 ]n polymers [5,6]. With this supporting 
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literature evidence we strongly feel that in the present case also the same mechanism 
is operating and leads to the formation of hdpctp. Similar difficulties have also been 
experienced in the reaction of 4-(hydroxymethyl) isooxazoles with N3P3CI6 but for 
slightly different reasons [7]. 

The reaction of l-(2-hydroxyethyl)-3,5-dimethylpyrazole with N3P3CI6 is quite 
smooth and yields the desired ligand hoedpctp as outlined in Equation 1. 



The ligand structure was established by the combined use of multinuclear NMR, 
mass spectrometry and elemental analyses. In the ^^P NMR spectrum observation 
of a lone sharp singlet at 17.5 ppm is consistent with the complete substitution of 
chlorines. Incomplete substituion would have resulted in a AX2 or other compli- 
cated pattern in the^^^P NMR [2]. The proton NMR confirms that the ethyloxy 
chain is intact in the product and no decomposition had occured as that with the 
l-(hydroxymethyl)-3,5-dimethylpyra.zole. A multiplet corresponding to the two CH2 
groups is seen at around 4.03 ppm while the 3- and 5-methyl groups in the pyrazole 
resonate at 2.13 ppm as a doublet as that of the starting l-(2-hydroxyethyl)-3,5- 
dimethylpyrazole [8]. The protons (4-CH) attached to the pyrazolyl nuclei is located 
as a singlet at 5.74 ppm. The and ^^P (inset) NMR spectra are displayed in Figure 
3. The -NCH2 and -OCH2 carbons resonate at 48.0 and 64.7 ppm respectively. The 
Fast Atom Bombardment mass spectrometry indicate an molecular ion correspond- 
ing to [hoedpctpH2]'*" (m/z 971, 88%). The other prominent peaks are attributed to 
the fragments [N3P3(oep)50H3]''' (m/z 849, 25%), [N3P3(oep)5H2]''' (m/z 832, 20%), 
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[N3P3 (o®p) 40 H]^ (^/z 708, 7%) and [Hoep]'*' (m/z 124, 100%). All this data substan- 
tiates that the reaction of l-(2-hydroxymethyl)-3,5-dimethylpyrazole with N3P3CI6 
has produced the desired ligand hoedpctp. 
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6.3 Coordination compounds of hoedpctp and their 
spectroscopic features 

6.3.2 General 

In the ligand hoedpctp the pyrazolyl groups are linked to the cyclotriphosphazene 
skeleton through a ethyloxy chain. It was envisaged that, as the pyrazolyl groups are 
separated from the cyclotriphosphazene nitrogen because of the intervening ethyloxy 
spacer, simultaneous coordination of both the inorganic and organic ring nitrogens 
to metal is unlikely. Such a nongeminal N3 coordination would result in unstable 
eight-membered chelate rings. Also the geminal N2 coordination is improbable as 
it involves a metallocycle consisting of twelve atoms. Alternatively hoedpctp may 
lead to a novel capping tridentate N3 coordination with the three nongeminal cis- 
pyrazolyl groups forming the coordination sphere. Weak interactions from oxygens 
might stabilize this chelates. 

The ligand hoedpctp forms dinuclear complexes with copper, cobalt, zinc and 
platinum salts. At room temperature this ligand does not form complexes with nickel 
salts. Similarly no mononuclear complexes could be isolated with this ligand. Harsh 
condition reactions have not been tried as it was feared that the resulting complex 
Table 1: Color, nature, magnetic moment and EPR and conductivity data of the 
hoedpctp complexes. 


compound 

color 

nature 

EPR/g„o 

A “ 

•‘‘TTl 

HM (BM) 

hoedpctp-2CuCl2 

green 

amorphous 

2.134 

25 

1.78 

hoedpctp-2CuBr2 

brown 

amorphous 

2.128 

48 

1.81 

hoedpctp-2Cu(C104)2-4H20 

green 

amorphous 

2.164 

460 

1.92 

hoedpctp-2CoCl2 

blue 

amorphous 

- 

12 

4.96 


“units (mho cm^ mol 
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may decompose under high temperatures. The complexes of hoedpctp decompose 
when heated above 60°C. The selective formation of the dinuclear compounds exposes 
the flexibility of the ligand. The summary of the coordination complexes together 
with their color, nature, magnetic moment and conductivity and EPR data is given 
in Table 1. 

6.3.3 IR spectrsocopy 

IR spectroscopy can be utilized to identify the interaction of cyclophosphazene ring 
nitrogen with the transition metals. The metallated or protonated cyclophosphazenes 
exhibit a split in the band corresponding to the P=N stretching mode. To account 
this it is postulated that the metal coordination or protonation to nitrogen makes the 
lone pair of electrons that reside on that nitrogen unavailable for skeletal x-bonding 
and weakens the associated P=N bonds [9]. Interestingly all the complexes of hoed- 
pctp listed in Table 1 show a characteristic unsplit, strong and broad band at ca. 
1240 cm~^ very identical to the one observed for the free ligand (1235 cm“^). This 
clearly suggests that in these complexes cyclophosphazene nitrogen is not at all inter- 
acting with the metals. The band attributed to C=N stretching frequency is slightly 
shifted to high energy (~10 cm~^) when compared to the analogous band observed 
for the free ligand, indicating that the pyrazolyl pyridinic nitrogens are involved 
in strong interaction with the metal ions [10]. In the IR spectrum of the complex 
hoedpctp'2Cu(C104)2'2H20 occurance of a broad band at 3350 cm~^ confirms the 
presence of hydrogen bonded water molecules. However, paradoxically sharp wag- 
ging mode at 1600-1650 cm“^ attributable to the coordinated water molecule is not 
seen. Absence of this band may not preclude the possibility of the water molecules 
to be present in the coordination sphere [11]. The observation of broad 1/3 doublet 
at 1100 cm~^ slightly overlapped with the P-0 stretching band (~ 1050 cm~^) and 
a sharp singlet at 620 cm“^ points out the presence of coordinated and uncoordinate 
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perchlorate anions [10,12]. On this basis it is assumed that in this complex each 
copper is coordinated to two aquo ligands and one perchlorate anion and the other 
perchlorate anion resides outside the coordination sphere in the solid state. However, 
in acetonitrile solution the perchlorate anions are replaced by solvent molecule to 
result in a 1:4 electrolyte [13] consistent with the conductivity data (Table 1). 

6.3.3 Optical absorption spectroscopy 

The electronic spectral data in the UV-Vis region for the hoedpctp ligand complexes 
recorded for the dichloromethane solution are listed in Table 2 along with the tentative 
assignments. Figure 4 displays the representative spectra for hoedpctp-2CuCl2, also 
shown in the inset is the absorption spectra for the free ligand. 

It is evident from the free ligand spectrum that the high energy transition observed 
for the complexes belongs to the tt-tt* intraligand transition. The bands at ca. 270 and 
360 nm are attributed to the Pz —* Cu ligand to metal charge transfer transition [14]. 
However, for the complex hoedpctp-2CuCl2 the intensity of the band at 282 nm is 
nearly twice than that calculated for the remaining compounds. This suggests that 
it includes the contribution from the Cl —* Cu l.m.c.t. The addition charge transfer 
transition observed for the bromo analogue hoedpctp-2CuBr2 at 420 nm is assigned to 
the Br — » Cu l.m.c.t. [15]. The d-d bands for the complexes hoedpctp-2CuCl2 (X=C1, 
Br) are illuminating in the sense that the band pattern and intensity resembles those 
of the similar complexes derived from the hdpctp and tdpctp ligands and indicate a 
N3CI2 chromophore with the distorted trigonal bipyramidal geometry. A slight high 
energy shift in the band maximum of these complexes is noticed when compared to 
those of hdpctp and tdpctp complexes. This may be ascribed to the involvement of 
three pyrazolyl pyridinic nitrogens in coordination which would render a relatively 
strong ligand field than the one arising from two pyrazolyl and one cyclotriphospha- 
zene skeletal nitrogens. The d-d band of the copper(ii) perchlorate hexahydrate 
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Figure 4: Optical Spectra of the complex hoedpctp-2CuCl2 and hoedpetp (inset) 


derived complex hoedpctp-2Cu(C104)2*4H20 is suggestive of a distorted octahedral 
environment to the copper [16]. The cobalt complex, hoedpctp-2CoCl2 shows two 
d-d bands at 583 and 645 nm with one high energy shoulder in the 645 nm band. 
An intense band at around 620 nm is identified as diagnostic of a high-spin Co(ll) in 
trigonal bipyramidal geometry [17]. The observation of high energy shoulder may be 
interpreted as the distortion of the chromophore from the perfect trigonal bipyramidal 
geometry [18]. 





Table 2: Electronic spectral data for the metal complexes of hoedpctp 


compound 


“ assignment 

hoedpctp 

233(10.2) 

TT-TT* transition 


255sh 

n-TT* transition 

hoedpctp'2CuCl2 

234(10.25) 

TT-TT* transition 


282 (6.54) 

Cl — » Cu l.m.c.t. 
Pz Cu l.m.c.t. 


362 (2.34) 

Pz — + Cu l.m.c.t. 


795 (0.24) 

d-d 

hoedpctp-2CuBr2 

233(10.31) 

TT-TT* transition 


• 280 (3.45) 

Pz —* Cu l.m.c.t. 


365 (2.18) 

Pz Cu l.m.c.t. 


420 (3.87) 

Br — > Cu l.m.c.t. 


810 (0.24) 

d-d 

hoedpctp*2Cu(C104)2-4H20 

236(10.30) 

TT-TT* transition 


272 (2.85) 

Pz — » Cu l.m.c.t. 


360 (2.07) 

Pz — » Cu l.m.c.t. 


739 (0.14) 

d-d 

hoedpctp-2CoCl2 

237(12.15) 

TT-TT* transition 


260sh 

Pz — > Cu l.m.c.t. 


583 (0.08) 

d-d 


620sh 

d-d 


645 (0.16) 

d-d 

“ units: X^ax in nm and Cmax 

in mol“^ cm“^ xlO® 



6.3.4 Magnetic moment and EPR spectroscopy 

The magnetic moments computed by adopting Evans NMR method for the dichloro- 
methane solution and EPR parameters for the powder sample of the complexes are 
included in Table 1. The magnetic moment per metal for the copper and cobalt com- 
plexes of hoedpctp is consistant with the expected values for spin states with S=l/2 
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and 3/2 respectively [18, 19] and rules out any significant intramolecular magnetic 
interaction between the metal centres mediated by the bridging ligand. Probably 
the N3 donation by three nongeminal cis-pyrazolyl groups keeps the metal atoms 
with a rather long interatomic distance. The EPR specrra of the copper complexes 
are isotropic and less informative. No hyperfine splitting is observed and the peaks 
are relatively sharp apparently arising from the weak intermolecular exdiange cou- 
pling [16, 19]. 

To get further insight into the structure of the complexes, we have attempted 
to grow x-ray quality single crystals of the above compounds. Our efforts in this 
direction have not been fruitful. Therefore, no exact conclusions about the geometry 
of these complexes can be drawn in the absence of a firm x-ray evidence. However, the 
isomorphous IR patterns of the copper and cobalt halide complexes strongly support 
a proposal of similar structure for them. On the basis of the above description on the 
spectroscopic properties we prefer to propose that the metals solicit a N3 donor set 
from the ligand hoedpctp comprising three nongeminal cis-pyrazolyl groups. Thus it 
is likely that two metals may reside above and below the plane passing through the 
cyclotriphosphazene (P3N3) ring of the ligand and lead to a sandwitdh type complexes. 

6.4 Concluding remarks 

Hoedpctp a potential multidentate ligand containing six l-(2-oxidoethyl)-3,5-dimethyl- 
pyrazole arms have been shown to form dinuclear complexes with copper and cobalt 
salts. The complexes have been isolated as air stable solids and their spectroscopic 
properties have been investigated. It appears from the stoichiometry and spectro- 
scopic evidences that the complexes derived form the metal(ll) halides are penta- 
coordinate with the probable geometry distorted trigonal bipyramid, while the copper 
in the complex containing perchlorate counter anions, hoedpctp-2Cu(C104)2'4H20 
may exist in a distorted octahedral environment. 
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Preliminary results of the studies related to the use of hoedpctp as a separation 
agent for the removal of metal ions from dilute solutions indicate that hoedpctp can 
be used to extract copper ions selectively from a mixture of first transition metal 
ions. This sets a stage for future application of this system in chelation chemistry or 
hazardous waste clean-up, which is the central task now-a-days. 

References 

[1] Allen, C.W. Chem. Rev., 1991, 91, 133. 

[2] Krishnamurthy, S.S., Sau, A.C. and Woods, M. Adv. Inorg. Chem. Radiochem., 
1978, 21, 41. 

[3] Shaw, R.A. Phosphorus, Sulfur, Silicon, 1989, 4^, 103. 

[4] Huttel, R. and Jochum, P. Chem. Ber., 1952, 85, 820. 

[5] Trofimenko, S. Chem. Rev., 1972, 72, 497. 

[6] Paap, F., Bouwman, E., Driessen, W.L., de Graff, R.A.G. and Reedijk, J. J. 
Chem. Soc. Dalton Trans., 1985, 737. 

[7] Munsey, M.S. and Natale, N.R. Heterocycles, 1990, 31, 851. 

[8] Haanstra, W.G., Driesen, W.L., Reedijk, J., Turpeinen, U. and Hamalainen, G. 
J. Chem. Soc. Dalton Trans., 1989, 2309. 

[9] Shaw, R.A. Z. Naturforsch., 1976, 31b, 641. 

[10] Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Com- 
pounds, 4*^ Ed., Wiley-Interscience, New York, 1986. 

[11] Bouwman, E. Ph.D. Thesis, Leiden University, Leiden, The Netherlands. 

[12] Thompson, L.K., Ramaswamy, B.S. and Dawe, R.D. Can. J. Chem., 1978, 56, 
1311. 

[13] Geary, W.J. Coord. Chem. Rev., 1971, 7, 81. 

[14] Bernarducci, E., Schwindinger, W.E., Hughey IV, J.L., Krogh-Jespersen, K. 
and Schugar, H.J. J. Am. Chem. Soc., 1981, 103, 1686. 


183 



[15] Lever, A.B.P. Inorganic Electronic Spectroscopy, 2”'^ Ed., Elsevier, Amsterdam, 
1984. 

[16] Hathaway, B.J. Struct. Bonding (Berlin), 1984, 57, 55. 

[17] Ciampolini, M. Struct. Bonding (Berlin), 1969, 6, 52. 

[18] Banci, L., Bencini, A., Benelli, C., Gatteschi, D. and Zanchini, G. Struct. Bond- 
ing (Berlin), 1982, 52, 37. 

[19] Hathaway, B.J. and Billing, D.E. Coord. Chem. Rev., 1970, 5, 143. 


184 



Chapter 7 


Coordination Chemistry of 

Pyrazolylcyclotriphosphazenes: Summary and 
future prospects 


“Science arises from the discovery of identity amidst diversity” 

-William Stanley Jevons in 
The Principles of Science, Chapter I, 1874. 

7.1 Introduction 

From the bulk of the discussion contained in the last three chapters it is abundantly 
evident that the pyrazolylcyclotriphosphazenes proved to be a novel class of ligands, 
possessing multiple donor sites, yet, selectively coordinate to the metals. The facile 
preparative procedures make them unique and easily accessible for studying their 
coordination properties. We have succeeded in evaluating the following factors; 

A When and how both the pyrazolyl (exocyclic donor group) and cyclotriphos- 
phazene nitrogens interact in concert with the transition metals. 

A How many exocyclic donor groups are necessary to use the cyclotriphosphazenes 
as transition metal carriers for specific purposes. 

A The competition between multi-variant donor substituents on cyclotriphospha- 
zene skeleton for metals and their significance. 

A Electronic and steric effects of the substituents on the exocyclic donor groups. 
A brief summary of the results will be presented in this chapter. 
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7.2 The number and nature of exocyclic donor 
groups 

Irrespective of the number of pyrazolyl groups present in the cyclotriphosphazene 
skeleton the metals such as copper, cobalt and nickel prefer to bind through two 
nongeminal pyrazoljd and one cyclotriphosphazene nirogens, and the pyrauzolyl groups 
are cis oriented. Earlier Paddock and coworkers [1] have demonstrated an involvement 
of two geminal pyrazolyl nitrogens in coordination to metals such as platinum and 
palladium. This difference mainly arises from the strong preference of platinum and 
palladium to achieve lower coordination {4-coordinated, square planar). 

The presence of too many coordination sites complicates the coordination behavior 
of the.hexa-substituted pyrazolylcyclotriphospliazenes (hdpctp and hpctp) particu- 
larly towards nickel. The multi-directional coordination response leads to intermolec- 
ularly bridged insoluble derivatives with nickel salts. This effect is more pronounced 
when the methyl substituents on the pyrazolyl rings are absent. However, with tetra- 
substituted pyrazolylcyclotriphosphazene (tdpctp) nickel salts result in complexes 
with trigonal bipyramidal structures. 

The idealized geometries for copper ion, tire tetragonal octahedron and the square 
plane, supplement a basic four-coordination: the former by semi-coordination and the 
latter by x-bonding. This potential for further bonding above four coordination could 
equally be satisfied by the formation of a five-coordinate complex. The copper(ll) ion 
can form both trigonal bipyramidal and square based pyramidal complexes, espe- 
cially the latter [2]. The former structure frequently arises where there are particu- 
lar geometric factors present. The pyrazolylcyclotriphosphazenes form stable copper 
complexes with varying stereochemistries depending on the nature of the additional 
ligands or counter anions. In the copper(ll) halide complexes the copper exists in a 
distorted trigonal bipyramidal geometry with the equatorial positions occupied by one 
cyclotriphosphazene nitrogen and two halide ions. The pyrazolyl nitrogens occupy ax- 
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iaJ positions. When the counter anion is perchlorate the concept of semi-coordination 
stabilizes the octahedral complex with two additional water molecules. How'ever, the 
bulky nitrogenous bases prevent the approach of the sixth ligand through the axial site 
and pave way to square based pyramidal structures where the fifth position is occupied 
by a weakly interacting cyclotriphsphazene ring nitrogen. It is interesting to note that 
the hexa-substituted pyrazolylcyclotriphsphazene, hdpctp interacts with the copper 
salts in a stepwise fashion. Thus, it has lead to the formation of both mononuclear 
[hdpctp-CuXj (X=C1, Br, CIO4)] and dinuclear complexes [hdpctp-2CuX2 (X=C1, 
Br)]. The mononuclear complexes contained several non-interacting donor sites which 
set stage for the preparation of heterobimetallic compounds. When treated with plat- 
inum or palladium salts they produce bimetallics with Cu-Pt or Cu-P d centres. The 
square planar geometry around platinum or palladium has been confirmed by single 
crystal structure determination of a representative derivative, hdpctp-CuCla'PtClj. 
Unusually, in these reactions a halide exchange has also occured. 

The substituents other than the pyrazolyl groups on cyclotriphosphazene skeleton 
play a significant role in deciding the coordination capability of the pyrazolylcyclotri- 
phosphazenes. The diphenyl substituted ligand tdpctp forms only the mononuclear 
complexes with a nongeminal N3 coordination mode from the ligand. Eventhough 
two nongeminal pyrazolyl groups are still left unused in these mononuclear complexes 
they do not interact with a second metal, thus indicating that the intervening cyclo- 
triphosphazene nitrogen is essential to form stable five-membered chelates. 

The picture is entirely different with the 1,3-diaminopropane derived ligand, std- 
pctp. This ligand uses three different types of donors, viz., an amido group (P-NH), 
a pyrazolyl nitrogen and a cyclotriphosphazene nitrogen in complexation. The re- 
sulting complexes contain two free N3 cores one originating from two nongeminal 
pyrazolyl groups and one cyclotriphosphazene nitrogen and another one derived form 
an amido group, a pyrazolyl nitrogen and a cyclotriphosphazene nitrogen which can 
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be used for the uptake of a second metal. It may be intriguing to identify out of them 
which (N 3 core) is preferred by the second metal during hcterobimetallic formation. 
Unfortunately the unstable nature of the mononuclear complexes does not permit us 
to proceed further in this direction. 

The above results, overwhelmingly, albeit qualitatively, indicate that it is manda- 
tory to restrict the number of exocyclic donor groups if one wishes to get control over 
the ligating response of the cyclotriphosphazene based ligands. 

7.3 Electronic versus steric effects 

Despite the recent advances and clarifications of bonding theories for transition metal 
complexes it is still difficult to predict with any degree of certainity when a five co- 
ordiate species will form or what stereochemistry it will adopt [3]. According to 
Kepert [4] with most rigid tridentate ligands the structure which predominates is the 
one in which both monodentate ligands lie on the same side of the plane defined 
by the tridentate ligand. In this orientation the metal atom is positioned above the 
tridentate plane but below the two monodentate ligands. Also the electrostatic cal- 
culations for ML5 compounds give evidence that a trigonal bipyramid with larger 
axial than equatorial M-L bond lengths is energetically slightly preferred with re- 
spect to a square pyramid in which the equatorial bonds are longer than the apical 
bond distance [5]. These arguments suggest that the geometry of the five coordinate 
Cu^'*' polyhedra with multidentate ligands is determined equally by the bulkiness of 
the ligand and by electronic effects. While the steric effects may stabilize-depending 
upon the specific geometry and rigidity of the ligand- any square pyramidal, trig- 
onal bipyramidal or intermediate geometry, the electronic effects always induce the 
expected bond length anamolies. These are a compressed trigonal bipyramidal, an 
elongated square pyramidal or any intermediate conformation [ 6 ]. 

The rigid tridentate ligands such as terpyridine [7-9] and the cyclic triamine 
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[OjaneNa [10, 11] forms square pyramidal complexes with various metal halides. In 
contrast, the formation of distorted trigonal bipyramidal complexes with pyrazolyl- 
cyclotriphosphazenes points their flexibility. In a similar complex, derived from a lig- 
and bis(6-methyl-2-methylpyridyl)amine and nickel bromide, the nickel ion exists, in 
a trigonal bipyramidal geometry where the Br-Ni-Br angle is exceptionally large [12] 
for which it has been suggested that the bulky methyl substituents in the metal- 
tridentate ligand plane forces the unidentate ligands (bromide ions) apart [5]. The 
unusual Cl-Cu-Cl bond angles observed in the copper chloride complexes of hdpctp 
and tdpctp can be, thus, ascribed to the presence of methyl substituents on 3-position 
of the pyrazolyl rings. Consistent with this hypothesis, in the cobalt complex of the 
non-methylated ligand tpctp the Cl-Co-Cl bond angle is narrower. The formation 
of complex from the ligand tpctp with the ligand to metal ratio 2:1 is another com- 
pelling evidence for the steric role of 3-methyl substituents in the pyrazolyl ring of 
the ligands. 

In all the complexes characterized by x-ray diffraction, except the nickel derivative 
of tdpctp (tdpctp-NiCla), the metal-cyclotriphosphazene interaction is very weak and 
result in longer M-Nctp bond lengths. The M-N^rp bond is further weakened when 
the methyl substituents on pyrazolyl rings are removed, pointing that electron rich 
groups should be incorporated on cyclophosphazene to achieve tighter metal-cyclo- 
phosphazene skeltal nitrogen interactions. 

Interplay of electronic effects has also been noticed in the electrochemical studies of 
the heterobimetallic complexes. While the hdpctp derived heterobimetallics undergo 
decomposing electron additions, the tpctp derived heterobimetallic tpctp-PtCl 2 ‘CuCl 2 
is I'edox flexible and exhibits a electrochemically reversible electron transfer involving 
Cu(ll) and Cu(l) oxidation states. 
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7.4 Spacer effects 


The metric factor of the spacer unit which links the exocyclic donor group and the 
cyclotriphosphazene skeleton is also important. When the pyrazoly groups are sepa- 
rated from the cyclotriphosphazene ring by oxidoethyl chain, the cyclotriphosphazene 
nitrogen finds it difficult to engage in coordination along with the pyrazolyl nitrogens. 
Similar conclusion has been derived earlier for the schifFbase substituted cyclotriphos- 
phazene ligands [ 13 ]. 

7.5 Concluding remarks 

The cyclotriphosphazene based ligands have been demonstrated as carriers for tran- 
sition metals. It is also made clear that by subtle variation of the nature of sub- 
stituents on cyclotriphosphazene skeleton and on the exocyclic groups various con- 
straints within the ligand can be studied. The facile nucleophilic sbstitution reaction 
chemistry of halogenocyclotriphosphazenes is an added advantage in these attempts. 
However, a few more questions have yet to be answered. Most reactions that have 
been accomplished with small molecule models have not yet been transformed to the 
polymeric systems. It will be very much interesting to see how the pyrazolyl sub- 
stituted polyphosphazenes will interact with the transition metals. It is hoped that 
such metal bearing polymers, will find applications in various fields. 

Thank you, reader: “....even the weariest river 
winds somewhere safe to sea” 

-Algernan Charles Swinburne in 
The Garden of Prosperine. 


190 



References 

[1] Gallicano, K.D. and Paddock. N.L. Can. J. Chem.., 1982, 60, 521. 

[2] Hathaway, B.J. and Billing, D.E. Coord. Chem. Rev., 1970, 5, 143. 

[3] Woods, J.S. Prog. Inorg. Chem., 1972, 16, 227. 

[4] Kepert, D.L. J. Chem. Soc. Dalton Trans., 1974, 612. 

[5] Kepert, D.L. Inorganic Sterochemistry, Springer- Verlag, Berlin, 1982. 

[6] Reinen, D. and Friebel, C. Inorg. Chem., 1984, 23, 791. 

[7] Henke, W., Kremer, S. and Reinen, D. Inorg. Chem., 1983, 22, 2858. 

[8] Arritortua, M.I., Mesa, J.L., Rojo,.T., Dabaerdemaeker, T., Beltran-Porter, D., 
Stratemeier, H. and Reinen, D. Inorg. Chem., 1988, 27, 2976. 

[9] Goldshmied, E. and Stephenson, N.L. Acta crsytallogr., 1970, 26h, 1867. 

[10] Schwindinger, W.F., Fawcett, T.G., Lalancette R.A., Potenza, J.A. and 
Schugar, H.J. Inorg. Chem., 1980, 19, 1379. 

[11] Berman, R.D., Churchill, M.R., Schaber, P.M. and Winkler, M.E., 

Oiem., 1979, 7^, 3122. 

[12] Rodjers, J. and Jacobson, R.A. J. Chem. Soc. (A), 1970, 1826. 

[13] Bertini, R., Facchin, G. and Gleria, M. Inorg. Chim. Acta, 1989, 165,73. 


191 



